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ABSTRACT 
Numerous studies have linked inadequate gestational weight gain to preterm birth 
and small-for-gestational age births (SGA) and excessive gestational weight gain to 
large-for-gestational age births, but gaps remain in our understanding of these 
relationships.   
 Study 1 evaluated predictors and outcomes associated with area under the 
gestational weight gain curve. Compared to the middle quintile, the highest quintile of 
accumulated pound-days was associated with a decreased hazard of spontaneous preterm 
birth [Hazard Ratio (HR): 0.54, 95% Confidence Interval (CI) 0.30, 0.96)] and small-for-
gestational age (SGA) births (HR 0.52, 95% CI 0.36, 0.76) overall and an increased 
hazard of LGA births among normal and underweight women (HR 3.78, 95% CI 1.76, 
8.13).    
Study 2 evaluated potential predictors of high and low gestational weight gain 
using the INTERGROWTH 21st standards among pregnant women in Dar es Salaam, 
Tanzania and examined the relationship between gestational weight gain and preterm 
birth, perinatal death, small-for-gestational age births, and large-for-gestational age 
births.  Weight gain below the 3rd percentile was associated with increased hazards of 
  vii
perinatal death [Hazard Ratio (HR): 1.94, 95% Confidence Interval (CI) 1.01, 3.73)] and 
small-for-gestational age (SGA) births (HR 1.51, 95% CI 1.02, 2.24), and a decreased 
hazard of preterm birth (HR 0.65, 95% CI 0.48, 0.88).  Weight gain above the 97th 
percentile showed a trend toward an increased hazard of large-for-gestational age births 
(HR 1.77, 95% CI 0.96, 3.25).   
 Study 3 assessed the accuracy of interpolated weight values obtained from 
regression models when compared to measured weight values at 28 (n=764) and 40 
(n=358) weeks of gestation using data from the LIFECODES cohort at Brigham and 
Women’s Hospital.  Mean differences in pounds between observed and estimated weights 
derived from the 28-week linear model (0.18 (SD 6.92), Bland Altman limits of 
agreement = -13.66–14.01) and 40-week linear models (-0.40 (5.43), limits of agreement 
-11.26–10.23), while weight values derived from the 40-week spline model 
underestimated observed weights (mean difference -2.50 (SD 6.91), limits of 
agreement -16.31–11.30 and -3.38 (SD 5.44), limits of agreement -14.26–7.49, 
respectively).  Estimated weights derived from all models showed near perfect correlation 
with observed values (r=0.97–0.99).   
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1. INTRODUCTION 
The influence of gestational weight gain on pregnancy outcomes is so widely 
recognized that maternal weight monitoring and counseling are routine and ubiquitous 
aspects of prenatal care.  Accepted guidelines from the Institute of Medicine (IOM) 
dictate the ranges of healthy weight gain for each category of pre-pregnancy body mass 
index (BMI) [1].  These guidelines were formulated from the results of numerous studies 
linking inadequate and excessive weight gain to adverse outcomes such as perinatal and 
infant mortality, preterm birth, small-for-gestational age births, and large-for-gestational 
age births.  Despite the large volume of published studies on this topic, however, the 
scope of available research has been relatively narrow regarding exposure definition, 
statistical methodology, and populations studied.  This dissertation will address several 
remaining gaps in our understanding of the consequences of gestational weight gain.   
Most importantly, our understanding of the relationship between pregnancy 
weight gain and adverse outcomes has been limited by potential bias stemming from the 
inherent correlation between weight gain and length of gestation.  Confounding may be 
introduced when the pregnancy outcomes under study, such as preterm birth, are also 
associated with length of gestation.  A simulation study recently demonstrated that 
survival analysis yields unbiased hazard ratios for the association between gestational 
weight gain and preterm birth [2].   At the time of this writing, this dissertation is the first 
independent application of this method.   
 In addition, most previous research has focused on total pregnancy weight gain, 
which obscures the differences in individual weight gain trajectories that can lead to the 
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same total weight accumulation.  Factors that influence weight gain timing as well as the 
role of weight gain timing in the relationship between gestational weight gain and 
pregnancy outcomes are still poorly understood.  The first study in this dissertation 
accounts for weight gain timing in addition to total amount of weight gained through the 
use of an area under the gestational weight gain curve (AUC) measure.  It and uses data 
from the LIFECODES prospective birth cohort at Brigham and Women’s Hospital to 
determine predictors and outcomes associated with the AUC.  The latter analysis employs 
the survival framework described above.   
 The currently available research on gestational weight gain further lacks diversity 
in study populations, since most research has been conducted in high-income countries.  
Only recently have gestational weight gain standards been established that have included 
women diverse geographic regions as part of the reference population and have not, at the 
time of this writing, been applied to independent populations.  The second study in this 
dissertation uses these standards, developed by the INTERGROWTH-21st consortium, to 
define high and low weight gain among participants in a randomized trial of 
micronutrient supplementation and placental malaria in Dar es Salaam, Tanzania.  It aims 
to identify predictors of high and low weight gain and to evaluate their association with 
adverse pregnancy outcomes using survival analysis.    
 Because the survival analytic approach taken in the first two studies uses week of 
gestation as the time scale, interpolation of gestational weights was necessary for each 
weeks of gestation in which participants’ weights were not measured.  Mixed effects 
models were used in both the first and second study to derive individual weight gain 
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curves from which these weight measurements were estimated.  The third study in this 
dissertation uses data from the LIFECODES study to examine the accuracy of this 
interpolation strategy by comparing observed and estimated weights at two time points 
during pregnancy.  Each study is reported in the form of a manuscript suitable for 
submission to a peer-reviewed journal. 
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2.  TIMING AND AMOUNT OF GESTATIONAL WEIGHT GAIN IN 
ASSOCIATION WITH ADVERSE BIRTH OUTCOMES  
2.1  ABSTRACT 
Background:    Most existing research on gestational weight gain and pregnancy 
outcomes has not accounted for timing of weight gain.  Calculating the accumulation of 
pound-days through trapezoidal approximation of the area under the weight gain curve 
(AUC) provides a single measure that incorporates both timing of weight gain and total 
amount gained.  The aim of this study was to evaluate predictors and outcomes associated 
with the gestational weight gain AUC.   Methods:  This is a prospective cohort study of 
using data from the LIFECODES study at Brigham and Women’s Hospital.  Repeated 
measures of gestational weight gain were taken during pregnancy starting from the first 
trimester.  Log-poisson models with empirical variance estimation were used to identify 
predictors of total AUC in pound-days.   Cox proportional hazards models were used to 
estimate hazard ratios and 95% confidence intervals for the association between quintile 
of pound-days and adverse pregnancy outcomes.  
Results:  After adjustment for confounders, older maternal age, Asian or Hispanic 
ethnicity, being obese, having gestational diabetes, and having had 3 or more previous 
pregnancies was associated with a smaller AUC.  Compared to the middle quintile, the 
highest quintile of accumulated pound-days was associated with a decreased hazard of 
spontaneous preterm birth [Hazard Ratio (HR): 0.54, 95% Confidence Interval (CI) 0.30, 
0.96)] and small-for-gestational age (SGA) births (HR 0.52, 95% CI 0.36, 0.75) overall 
and an increased hazard of LGA births among normal and underweight women (HR 3.78, 
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95% CI 1.76, 8.13).   Conclusion:  In conclusion, our study suggests that a gestational 
weight gain pattern characterized by more rapid gains earlier in pregnancy, which is less 
common among mothers who are older, obese, Hispanic or Asian, or have gestational 
diabetes, is associated with a lower risk of preterm birth and SGA but may increase the 
risk of LGA among overweight and obese women.   
 
2.2  INTRODUCTION  
Evidence suggests that the amount of weight gained by most women during 
pregnancy is considered either excessive or inadequate [1].  Among 159,244 women 
enrolled in the Pregnancy Risk Assessment Monitoring System across 41 states, 25% of 
pregnant women gained less weight than recommended by the Institute of Medicine 
(IOM), 41% gained more weight than recommended, while only 34% gained weight 
within the recommended range [1].  Consequently, a large proportion of the pregnant 
population may be at increased risk for adverse pregnancy outcomes associated with 
inadequate and excessive weight gain.  Numerous studies have linked inadequate 
gestational weight gain to preterm birth and small-for-gestational age births (SGA) and 
excessive gestational weight gain to large-for-gestational age births (LGA) [2–14].  
Promoting adequate gestational weight gain therefore constitutes an important public 
health issue.   
At the same time, the limitations of much of the existing research on gestational 
weight gain have received increasing attention [15–18].  First, most studies have not 
accounted for the correlation between gestational weight gain and gestational age at 
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delivery.  Because shorter pregnancies provide less opportunity for weight gain, the risks 
associated with low weight gain are conflated with the risks associated with earlier 
deliveries in such studies.  Evaluating the rate of weight gain rather than total weight 
gain, by taking into account gestational length (person time at risk) only partially 
mitigates this bias because weight gain is minimal in the first trimester and follows a 
linear pattern in the second and third trimester [15].  Shorter pregnancies will therefore 
have lower average rates of weight gain than longer pregnancies when the total amount of 
weight gain is divided by pregnancy duration.  Methods to remove this bias such as the 
use of z-scores or a survival framework have been recently proposed but not yet widely 
adopted [15–18].   
A second limitation of the existing research when examining total weight gain 
and/or average rate of weight gain is that these measures obscure the pattern of weight 
gain.  For example, low weight gain in early pregnancy followed by rapid weight gain 
later may influence the risk of adverse outcomes differently than constant weight gain 
[16].  The comparatively small number of studies to examine the timing of gestational 
weight gain point toward potentially critical periods during pregnancy where weight gain 
may have a larger impact on outcomes.  One study found that low weight gain by 24 
weeks of gestation was associated with an increased risk of low birth weight, even if total 
weight gain was normal [19].  Other studies have shown positive associations between 
gestational weight and infant birth weight restricted to the first [20] and second trimesters 
[20–22], and an inverse association between weight gain in the second and third 
trimesters and intrauterine growth restriction [23].    High weight gain solely in the third 
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trimester has been associated with an increased risk for LGA [24] whereas low weight 
gain during this trimester alone has been associated with an increased risk for preterm 
birth [25, 26].   
To simultaneously address both the timing of weight gain and the total amount 
gained, Kleinman et al. [27] proposed an area under the curve (AUC) approach.  
Calculating the area under the gestational weight gain curve provides a single measure 
which is interpretable as the additional pound days carried due to pregnancy.  Higher 
accumulated pound-days reflect more weight gained earlier in gestation.  Few studies 
thus far, however, have utilized this method to assess the relation between gestational 
weight gain and birth outcomes, and have not accounted for the correlation between 
gestational weight gain and gestational length [27, 28].  In addition, while several 
predictors of overall gestational weight gain have been identified including pre-
pregnancy BMI [29, 30], parity [30], and socio-demographic factors [31–33], no 
information is known regarding predictors of pound-day accumulation during pregnancy.  
 Using data from the ongoing LIFECODES prospective birth cohort at Brigham 
and Women’s Hospital, we sought to determine predictors of the weight gain AUC and to 
evaluate the association between accumulated pound-days during pregnancy and adverse 
birth outcomes using survival analysis, an approach that has yielded unbiased hazard 
ratio estimates for the association between gestational weight gain and preterm birth in a 
simulation study [17].    
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2.3  METHODS 
Study Cohort 
Participants in this study were pregnant women from the Boston area who 
attended Brigham and Women’s Hospital for prenatal care and enrolled in the 
LIFECODES cohort during the period between its initiation in 2006 and September 2015 
[34].  Participation in this cohort involved the completion of study visits that coincide 
with clinical care at approximately 10 weeks, 24 weeks, and 35 weeks of gestation in 
addition to attending regular prenatal visits.  At the first visit, participants completed a 
questionnaire that ascertained sociodemographic and health information.  First trimester 
ultrasound was used to validate and establish gestational age.  Participants were followed 
until delivery, at which time complications and neonatal anthropometric measurements 
were recorded.  All participants provided written informed consent.  The Institutional 
Review Board at Brigham and Women’s Hospital approved the study.  This secondary 
analysis was limited to singleton pregnancies lasting more than 22 weeks with known 
dates of delivery, at least 2 recorded weight measurements, an initial weight measurement 
taken at or before 12 weeks of gestation, and plausible values (± 5 standard deviations 
(SD)) for total gestational weight gain.   
Gestational weight gain assessment 
Weight measurements were taken at both regular prenatal visits and study visits.  
Because our analytic strategy required weight measurements for each week of gestation, 
we interpolated weight values for weeks in which weight measurements were 
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unavailable.  We did so using a linear repeated-measures mixed-effects model with 
gestational age as the independent variable, weight as the dependent variable, fixed and 
random effects for the intercept and gestational age terms, and an unstructured variance-
covariance matrix.  This model produced subject specific slopes and intercepts which 
were used to interpolate weight values.   Each participant therefore had a real or 
interpolated weight value for each week of gestation starting from the week of their first 
weight measurement.  In a validation study, this interpolation method showed an average 
difference in real and interpolated weight values of 0.13 lbs at 28 weeks and -0.30 lbs at 
40 weeks [35].    
Starting with measured or interpolated weight at 12 weeks of gestation, the total 
accumulated pound-days for each week was calculated by summing the areas of 
trapezoids formed by connecting successive measures of weight gain in pounds 
perpendicularly with the time axis of the weight curve (gestational age in weeks).  If 
participants had weight values that were smaller than their initial weight measurement, 
these values were replaced with their pre-pregnancy weight to avoid negative pound-days 
in accordance with the methodology used by Kleinman et al. [27].  Accumulated pound-
days for each week of gestation were then classified into quintiles based on the 
distribution of the study population for that specific week.  In stratified analyses, these 
quintiles were stratum-specific.  Quintile of pound-days was treated as a time-varying 
exposure that could change over the follow-up period.   
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Pregnancy Outcomes  
Spontaneous preterm births were defined as delivery before 37 weeks with 
presentation of spontaneous labor or preterm premature rupture of the membranes [36].  
All cases of preterm birth were independently validated by a panel of board-certified 
maternal-fetal medicine physicians.  Infants weighing below the 10th percentile for 
gestational age at delivery according to population reference standards [37] were 
considered SGA.  Those weighing above the 90th percentile were considered LGA.   
Covariates 
The following covariates were chosen as potential predictors of pound-days 
accumulated by the end of pregnancy and potential confounders in the analyses of pound-
days and pregnancy outcomes:  age (< 25, 25 – <30, 30 – <35, ≥ 35 years), initial BMI 
(<25, 25–30, ≥ 30), gravidity (0, 1, 2, ≥ 3), current smoking reported at baseline  (yes/no), 
race/ethnicity (Caucasian, African American, Asian, Hispanic, Other), insurance status 
(private/self-pay, public/none), education (high school or less, some college, college 
graduate, graduate school),  history of diabetes (yes/no), history of chronic hypertension 
(yes/no),  history of thyroid disease (yes/no), gestational diabetes (yes/no), gestational 
hypertension (yes/no) and pre-eclampsia (yes/no).     
Statistical Analysis  
Generalized linear models with a normal distribution and identity link function 
were used to estimate crude and multivariable adjusted beta coefficients and 95% 
confidence intervals for the associations between each potential predictor and total 
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accumulated pound-days by the end of pregnancy.  Gestational age at delivery was also 
included as a covariate in multivariable models.   Cox proportional hazards regression 
models with the Andersen-Gill counting method and week of gestation as the time scale 
were used to estimate crude and adjusted hazard ratios and 95% confidence intervals for 
the association between time-varying quintile of accumulated pound-days and time to 
each pregnancy outcome.   These models were further stratified by initial BMI category 
(< 25 kg/m2, ≥ 25 kg/m2) and gravidity (primigravid, multigravid).   
Two post-hoc sensitivity analyses were conducted.  First, we assessed the impact 
of excluding women who lost weight during pregnancy, since potential pathologies 
underlying this weight loss, such as hyperemesis gravidarum, may limit their 
comparability to the full cohort.  Second, we investigated the impact of the interpolated 
values on the results.  In this analysis, we examined the association between each 
outcome and the weight gain AUC calculated from weight measurements taken at two 
time-points, 18 and 26 weeks of gestation, which were chosen due to the large number of 
measured weights available for these weeks.  We modeled these associations both among 
participants with measured weight values at these time points (n=395) and among all 
participants, and compared the results.      
 
2.4  RESULTS 
Pregnancy weight information was available for N=2,624 (69%) of the N=3,813 
participants enrolled in LIFECODES up to September 2015.  We excluded N=236 twin 
pregnancies, N=5 for implausible weight gain (± 5 SD), and N=12 pregnancies that ended 
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earlier than 22 weeks gestation.  All N=2,370 final participants had at least 2 weight 
measurements.      
The final analytic cohort had a total of 24,378 weight measurements available.  
The average number of weight measurements recorded per participant was 12.  Another 
34,495 weight measurements were interpolated.  An average of 15 weight measurements 
were interpolated per participant.  Based on the combination of real and interpolated 
weight measurements, participants in the cohort gained 24.7 on average pounds during 
pregnancy and accumulated 1143.9 pound-days.  Table 1 shows the row percentages of 
participants with each baseline characteristic falling into successive quintiles of 
accumulated pound-days during pregnancy.  Participants differed most notably with 
respect to initial BMI.  While only 10.4% of participants with an initial BMI of < 25 
kg/m2, were in the lowest quintile, 44.4% of participants with a BMI of ≥ 35 kg/m2 were 
in the lowest quintile.  In addition, more than twice the percentage of participants with 3 
or more previous pregnancies were in the lowest quintile than primigravid women 
(29.8% vs. 13.7%).  A notably smaller percentage of women with gestational diabetes 
were in the highest quintile compared to women without it (20.1% vs. 6.9%).  
Consistent with the data shown in Table 1, initial BMI was a strong predictor of 
accumulated pound days even after multivariable adjustment (Table 2).  Those with a 
BMI of or above 35 kg/m2 had an average of 287.99 (95% CI -341.31, -234.66) fewer 
accumulated pound days than women with a BMI of 25 kg/m2 or less in the multivariable 
adjusted model.  In addition, women with gestational diabetes had 197.24 (95% CI           
-275.82, -118.67) fewer accumulated pound days on average than women without it.  
  
14
Compared to women younger than 25, women in older age categories accumulated fewer 
pound-days on average.  These differences widened as age category increased (ages 25–
29: -85.23 (95% CI -159.49, -10.96), ages 30–34: -124.70 (95% CI -204.19, -45.20), ages 
≥ 35:  -188.61 (95% CI -274.15, -103.08)).  Women with two previous pregnancies 
accumulated 85.45 (-149.36, -21.53) fewer pound days than primigravid women, and 
those with three or more previous pregnancies accumulated 65.43 (-126.06, -4.79) pound 
days than primigravid women.  Both gestational hypertension and pre-eclampsia were 
associated with greater pound day accumulation on average (128.98 (95% CI 26.85, 
231.11) and 126.47 (39.73, 213.20) mean pound days, respectively).   
In unadjusted models, the highest quintile of accumulated pound days was 
associated with a reduced hazard of preterm birth (HR 0.50, 95% CI 0.31, 0.96), and 
SGA (HR 0.66, 95% CI 0.47, 0.93) and an increased hazard of LGA (HR 1.73, 95% CI 
1.14, 2.63) compared to the middle quintile (Table 3).  Adjustment for confounders 
slightly weakened the association with preterm birth (HR 0.54, 95% CI 0.30, 0.96) but 
slightly strengthened the associations with SGA (HR 0.52, 95% CI 0.36, 0.83) and LGA 
(HR 1.80, 95% CI 1.17, 2.78).  The lowest quintile of accumulated pound days was not 
associated with any birth outcomes.   
Table 4 shows the multivariable associations between accumulated pound days 
and birth outcomes stratified by initial BMI. The reduced hazards of preterm birth (HR 
0.46, 95% CI 0.20, 1.05) and SGA (HR 0.45, 95% CI 0.25, 0.82) were stronger among 
overweight and obese women, though the confidence interval for preterm birth crossed 
the null.   Conversely, the increased hazard of LGA was limited to normal and 
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underweight women, who had more than 3 times the hazard of this outcome (HR 3.78, 
95% CI 1.76, 8.13).   
Stratification by gravidity (Table 5) led to imprecise confidence intervals for the 
associations between the highest quintile of accumulated pound-days and each birth 
outcome among primigravid women.  However, primigravid women in the lowest 
quintile had 2.05 times the hazard of SGA (95% CI 1.05, 4.03) compared to those in the 
middle quintile.  Among multigravid women, the associations between the highest 
quintile of accumulated pound-days and birth outcomes mirrored those seen overall.  
Unlike primigravid women, multigravid women in the lowest quintile did not have an 
increased risk of SGA, but did have a reduced risk of SGA (HR 0.53 (95% CI 0.29, 0.94).   
 A post-hoc sensitivity analysis that excluded participants who lost weight showed 
similar results to those reported above (data not shown).  Table 6 displays the results of a 
sensitivity analysis that compared hazard ratio estimates for the association between the 
AUC between 18 and 26 weeks and each outcome between those with measured weights 
available at these time points and all participants.   The point estimates for the association 
between quintiles of the AUC between 18 and 26 weeks and preterm birth were similar 
between groups, though the confidence interval was substantially wider for the hazard 
ratio pertaining to participants with measured weights at these time points.  The 
associations seen with SGA and LGA among all participants were not present, however, 
among participants for whom the AUC between 18 and 26 weeks was derived from 
measured values only.    
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2.5  DISCUSSION  
In this study, we observed that older maternal age, being obese, having gestational 
diabetes, and having had 3 or more previous pregnancies was associated with a smaller 
AUC, which suggests that these factors predict a pattern of weight gain characterized by 
slower weight gain earlier in pregnancy.  Gestational hypertension and pre-eclampsia 
were associated with a larger AUC. Those with a larger area under the curve, suggesting 
more rapid weight gain earlier in pregnancy had increased likelihoods of LGA births but 
decreased chances of spontaneous preterm birth and SGA.  With respect to fetal growth, 
some associations within subgroups.  A larger AUC was associated with an increased risk 
of LGA solely among normal women, while a smaller AUC was associated with an 
increased risk of SGA solely among primigravid women.    
We are unaware of previous studies that have examined factors associated with 
the gestational weight gain AUC, so comparability of these findings with those of other 
studies is limited.  Nonetheless, similar patterns of weight gain among obese women 
seem to have been observed in previous studies.   One study conducted among obese 
women found that the median gestational weight gain among obese women was close to 
zero until mid-pregnancy [38].    Other studies have reported lower weight gain among 
overweight and obese women during the first [21] and second trimester [21, 38] followed 
by greater weight gain among these women during third trimester [21, 39].   
.   Less research is available describing differences in gestational weight gain 
pattern by gestational age, but lower total gestational weight gain [23, 40, 41] and second 
and third trimester weigh gain [21] has been described among older women compared to 
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younger women.  Overall, our results confirm and extend this previous work, in which 
pattern of weight gain and total weight gain have been addressed separately, by 
combining both in one measure.   
Only one previous study to our knowledge has evaluated the relation between the 
gestational weight gain AUC and pre-term birth [28].   Contrary to our results, this study 
found no association between the first and second trimester AUC and either spontaneous 
or indicated preterm birth among 12,526 singleton pregnancies in Oregon and 
Washington State, but the time-period in this study was limited to the first and second 
trimesters.  Studies that have used more standard methodologies to assess gestational 
weight gain have largely reported a U-shaped relationship in which both high and low 
total or average rates of weight gain increase the risk of spontaneous preterm birth [42–
47].  This trend seemingly conflicts with our results.  On the other hand, Rudra et al. [48] 
showed that each 0.1 kg of weight gain per week between 18–22 weeks of gestation was 
associated with a 13% reduction in the odds of spontaneous preterm birth.  This 
preventive influence of higher weight gain earlier in pregnancy appears to be consistent 
with our results, although another study found that only third trimester weight gain 
reduced the risk of spontaneous preterm birth, [49].  Alternative statistical 
methodological approaches may account for the differences in findings between our 
study and others, since previous studies have not applied survival analysis to model the 
association between weight gain and preterm birth.  Our understanding of the relation 
between gestational weight gain and spontaneous preterm birth would be enhanced by 
further research that accounts for both differences the shape of the gestational weight 
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gain curve and potential confounding by length of gestation.   
Associations between inadequate gestational weight gain and decreased 
birthweight and fetal growth are well established [50], but no consensus exists regarding 
the impact of weight gain timing on this association.    Some studies suggest that low 
weight gain in the second trimester is particularly detrimental to infant birth weight [51–
55].  These findings are somewhat aligned with our results, which imply that those who 
gain weight more weight earlier in pregnancy have a reduced risk for SGA infants.  This 
association is logical because the bulk of fetal growth occurs most rapidly in the second 
trimester and is most vulnerable to interferences related to maternal nutrition.   At the 
same time, other studies have found that third trimester weight gain also contributes to 
fetal growth [23, 55].  Because fewer pound-days will be accumulated from weight gains 
in the third trimester however, our results suggest that third trimester gains may have less 
relative importance than second trimester gains.  This suggestion also seems logical given 
that second trimester gains represent increasing plasma volume and maternal peripheral 
fat stores while third trimester gains primarily reflect the weight of gestational tissues.   
Although we found that greater weight gain during the first part of pregnancy may 
confer reduced risk of SGA, normal and underweight who accumulated the most pound 
days had an increased risk of LGA in our study.  The lack of an association among 
overweight and obese women was unexpected, since an overall link between high weight 
gain and LGA has been reported among obese women previously [56] and could 
potentially be explained by insufficient power to after stratification of the data.  Still, our 
results lend support to a study that showed an increased risk of LGA associated with 
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excess weight gain in the second but not third trimester [26].  Pregnancy history appears 
to play a key role in fetal growth, based on our observation that primigravid, but not 
multigravid, women in the lowest quintile of pound-day accumulation had an increased 
risk of SGA and Nohr et al.’s observation [57] that primiparous women consistently had 
a higher risk of SGA than multiparous women at the same levels of weight gain.  Our 
study underscores the importance of weight gain timing to both inadequate and excessive 
fetal growth.  Unlike studies that evaluate at trimester specific weight gain, however, this 
study could distinguish between different patterns of weight gain throughout pregnancy 
by using an AUC approach.   
Other strengths of this study include its prospective design, repeated measures of 
maternal weight starting in early pregnancy, ultrasound confirmation of gestational age, 
and use of a survival framework to account for the correlation between birth outcomes 
and gestational duration.  A limitation of this study was the reliance on interpolated data.   
The survival modeling approach we used required weight values for each week of 
gestation.   Since weekly weight measurements during pregnancy are rarely available, 
interpolation is necessary [17].  The results of our sensitivity analysis suggested that the 
use of interpolated weight values resulted in overestimates of the associations between 
accumulated pound-days and SGA and LGA.  In addition, we cannot rule out residual 
and unmeasured confounding as source of bias in this observational study.    
In conclusion, our study suggests that a gestational weight gain pattern 
characterized by more rapid gains earlier in pregnancy, which is less common among 
mothers who are older, obese, Hispanic or Asian, or have gestational diabetes, is 
  
20
associated with a lower risk of preterm birth and SGA.  On the other hand, this weight 
gain pattern may increase the risk of LGA among normal and underweight women.  
Considering this tradeoff, more research into optimizing the gestational weight AUC for 
healthy pregnancy outcomes seems warranted.   
 
  
  
21
2.6  REFERENCES  
1. Davis RR, Hofferth SL, Shenassa ED. Gestational weight gain and risk of infant 
death in the United States. American journal of public health. 2014 
Feb;104(S1):S90–5. 
2. Stotland NE, Cheng YW, Hopkins LM, Caughey AB. Gestational weight gain and 
adverse neonatal outcome among term infants.  Obstet Gynecol. 2006 Sep;108(3 
Pt 1):635–43. 
3. Margerison Zilko CE, Rehkopf D, Abrams B. Association of maternal gestational 
weight gain with short- and long-term maternal and child health outcomes. Am J 
Obstet Gynecol. 2010 Jun;202(6):574 
4. Chung JG, Taylor RS, Thompson JM, Anderson NH, Dekker GA, Kenny LC, 
McCowan LM. Gestational weight gain and adverse pregnancy outcomes in a 
nulliparous cohort. European Journal of Obstetrics & Gynecology and 
Reproductive Biology. 2013 Apr 30;167(2):149–53. 
5. Durie DE, Thornburg LL, Glantz JC. Effect of second-trimester and third-
trimester rate of gestational weight gain on maternal and neonatal outcomes. 
Obstetrics & Gynecology. 2011 Sep 1;118(3):569–75. 
6. Dietz PM, Callaghan WM, Smith R, Sharma AJ. Low pregnancy weight gain and 
small for gestational age: a comparison of the association using 3 different 
measures of small for gestational age.  Am J Obstet Gynecol. 2009 
Jul;201(1):53.e1–7 
7. El Rafei R, Abbas HA, Charafeddine L, Nakad P, Al Bizri A, Hamod D, Yunis 
KA. Association of Pre‐Pregnancy Body Mass Index and Gestational Weight 
Gain with Preterm Births and Fetal Size: an Observational Study from Lebanon. 
Paediatric and perinatal epidemiology. 2016 Jan 1;30(1):38–45. 
8. Moore Simas TA, Waring ME, Liao X, Garrison A, Sullivan GM, Howard AE, 
Hardy JR. Prepregnancy weight, gestational weight gain, and risk of growth 
affected neonates. Journal of Women's Health. 2012 Apr 1;21(4):410–7. 
9. Han Z, Mulla S, Beyene J, Liao G, McDonald SD; Knowledge Synthesis Group.  
Maternal underweight and the risk of preterm birth and low birth weight: a 
systematic review and meta-analyses.  Int J Epidemiol. 2011 Feb;40(1):65–101. 
10. Dietz PM, Callaghan WM, Cogswell ME, Morrow B, Ferre C, Schieve LA. 
Combined effects of prepregnancy body mass index and weight gain during 
pregnancy on the risk of preterm delivery. Epidemiology. 2006 Mar 1;17(2):170–
7. 
11. Carmichael SL, Abrams B. A critical review of the relationship between 
gestational weight gain and preterm delivery.  Obstet Gynecol. 1997 May;89(5 Pt 
2):865–73.  
  
22
12. Carnero AM1, Mejía CR, García PJ.  Rate of gestational weight gain, pre-
pregnancy body mass index and preterm birth subtypes: a retrospective cohort 
study from Peru. BJOG. 2012 Jul;119(8):924–35.  
13. Cedergren M.  Effects of gestational weight gain and body mass index on 
obstetric outcome in Sweden. Int J Gynaecol Obstet. 2006 Jun;93(3):269–74. 
14. Chen A, Feresu SA, Fernandez C, Rogan WJ. Maternal obesity and the risk of 
infant death in the United States. Epidemiology (Cambridge, Mass.). 2009 
Jan;20(1):74. 
15. Hutcheon JA, Bodnar LM, Joseph KS, Abrams B, Simhan HN, Platt RW. The 
bias in current measures of gestational weight gain. Paediatric and perinatal 
epidemiology. 2012 Mar 1;26(2):109–16. 
16. Hinkle SN, Mitchell EM, Grantz KL, Ye A, Schisterman EF. Maternal Weight 
Gain During Pregnancy: Comparing Methods to Address Bias Due to Length of 
Gestation in Epidemiological Studies. Paediatric and perinatal epidemiology. 
2016 Feb 1. 
17. Mitchell EM, Hinkle SN, Schisterman EF. It’s about time: a survival approach to 
gestational weight gain and preterm delivery. Epidemiology. 2016 Mar 
1;27(2):182–7. 
18. Bodnar LM, Hutcheon JA, Parisi SM, Pugh SJ, Abrams B. Comparison of 
Gestational Weight Gain z‐Scores and Traditional Weight Gain Measures in 
Relation to Perinatal Outcomes. Paediatric and perinatal epidemiology. 2015 Jan 
1;29(1):11–21. 
19. Hediger, M. L., Scholl, T. O., Belsky, D. H., Ances, I. G. & Salmon, R. W. (1989) 
Patterns of weight gain in adolescent pregnancy: Effects on birth weight and 
preterm delivery. Obstet. Gynecol. 74:6–12 
20. Brown JE, Murtaugh MA, Jacobs DR, Jr, Margellos HC. Variation in newborn 
size according to pregnancy weight change by trimester. Am J Clin 
Nutr. 2002;76(1):205–209. 
21. Abrams B, Selvin S. Maternal weight gain pattern and birth weight. Obstet 
Gynecol.1995;86(2):163–169.  
22. Widen EM, Factor-Litvak PR, Gallagher D, Paxton A, Pierson Jr RN, Heymsfield 
SB, Lederman SA. The pattern of gestational weight gain is associated with 
changes in maternal body composition and neonatal size. Maternal and child 
health journal. 2015 Oct 1;19(10):2286–94. 
23. Strauss RS, Dietz WH. Low maternal weight gain in the second or third trimester 
increases the risk for intrauterine growth retardation. The journal of nutrition. 
1999 May 1;129(5):988–93. 
24. Hawley NL, Johnson W, Hart CN, Triche EW, Ching JA, Muasau-Howard B, 
McGarvey ST. Gestational weight gain among American Samoan women and its 
impact on delivery and infant outcomes. BMC pregnancy and childbirth. 2015 
Feb 3;15(1):1. 
  
23
25. Hickey CA, Cliver SP, McNeal SF, Hoffman HJ, Goldenberg RL (1996) Prenatal 
weight gain patterns and birth weight among nonobese black and white women. 
Obstet Gynecol 88: 490–496. 
26. Drehmer M, Duncan BB, Kac G, Schmidt MI. Association of second and third 
trimester weight gain in pregnancy with maternal and fetal outcomes. PLoS One. 
2013 Jan 30;8(1):e54704. 
27. Kleinman KP, Oken E, Radesky JS, Rich-Edwards JW, Peterson KE, Gillman 
MW. How should gestational weight gain be assessed? A comparison of existing 
methods and a novel method, area under the weight gain curve. International 
journal of epidemiology. 2007 Dec 1;36(6):1275–82. 
28. Sharma AJ, Vesco KK, Bulkley J, Callaghan WM, Bruce FC, Staab J, Hornbrook 
MC, Berg CJ. Associations of gestational weight gain with preterm birth among 
underweight and normal weight women. Maternal and child health journal. 2015 
Sep 1;19(9):2066–73. 
29. Restall A, Taylor RS, Thompson J, Flower D, Dekker GA, Kenny LC, Poston L, 
McCowan LM. Risk factors for excessive gestational weight gain in a healthy, 
nulliparous cohort. Journal of obesity. 2014 Jun 3;2014. 
30. Herring SJ, Nelson DB, Davey A, Klotz AA, Oken E, Foster GD. Determinants of 
excessive gestational weight gain in urban, low-income women. Women's Health 
Issues. 2012 Oct 31;22(5):e439–46. 
31. Samura T, Steer J, Michelis LD, Carroll L, Holland E, Perkins R. Factors 
Associated with Excessive Gestational Weight Gain: Review of Current 
Literature. Global Advances in Health and Medicine. 2016 Jan 1;5(1):87–93. 
32. Cohen AK, Kazi C, Headen I, Rehkopf DH, Hendrick CE, Patil D, Abrams B. 
Educational Attainment and Gestational Weight Gain among US Mothers. 
Women's Health Issues. 2016 Aug 31;26(4):460–7. 
33. Huynh M, Borrell LN, Chambers EC.  Maternal education and excessive 
gestational weight gain in New York city, 1999–2001: the effect of race/ethnicity 
and neighborhood socioeconomic status. Matern Child Health J. 2014 
Jan;18(1):138–45 
34. McElrath TF, Lim KH, Pare E, Rich-Edwards J, Pucci D, Troisi R, Parry S. 
Longitudinal evaluation of predictive value for preeclampsia of circulating 
angiogenic factors through pregnancy. Am J Obstet Gynecol. 2012 
Nov;207(5):407.e1–7. 
35. Darling AM (list co-authors).  Validating an interpolation method for gestational 
weight gain.  Manuscript in preparation.  
36. Ferguson KK, McElrath TF, Meeker JD. Environmental phthalate exposure and 
preterm birth. JAMA pediatrics. 2014 Jan 1;168(1):61–8. 
37. Oken E, Kleinman KP, Rich-Edwards J, Gillman MW. A nearly continuous 
measure of birth weight for gestational age using a United States national 
reference. BMC pediatrics. 2003 Jul 8;3(1):6. 
  
24
38. Hutcheon JA, Platt RW, Abrams B, Himes KP, Simhan HN, Bodnar LM. 
Pregnancy weight gain charts for obese and overweight women. Obesity. 2015 
Mar 1;23(3):532–5. 
39. Carmichael S, Abrams B, Selvin S. The pattern of maternal weight gain in women 
with good pregnancy outcomes.  Am J Public Health. 1997 Dec;87(12):1984–8. 
40. Ancri, G., Morse, E. H. & Clarke, R. P. (1977) Comparison of nutritional status of 
pregnant adolescents with adult pregnant women. III. Maternal protein and calorie 
intake and weight gain in relation to size of infant at birth. Am. J. Clin. 
Nutr. 30:568–572. 
41. Muscati, S. K., Mackey, M. A. & Newsom, B. (1988) The influence of smoking 
and stress on prenatal weight gain and infant birth weight of teenage mothers. J. 
Nutr. Educ. 20:299–302. 
42. Savitz DA, Stein CR, Siega-Riz AM, Herring AH. Gestational weight gain and 
birth outcome in relation to prepregnancy body mass index and ethnicity. Annals 
of epidemiology. 2011 Feb 28;21(2):78–85. 
43. Siega-Riz AM, Adair LS, Hobel CJ. Maternal underweight status and inadequate 
rate of weight gain during the third trimester of pregnancy increases the risk of 
preterm delivery. J Nutr. 1996;126:146–153. 
44. Spinillo A, Capuzzo E, Piazzi G, Ferrari A, Morales V, Di Mario M. Risk for 
spontaneous preterm delivery by combined body mass index and gestational 
weight gain patterns. Acta Obstet Gynecol Scand.1998;77:32–36. 
45. Schieve LA, Cogswell ME, Scanlon KS. Maternal weight gain and preterm 
delivery: Differential effects by body mass index. Epidemiology. 1999;10:141–
147. 
46. Wise LA, Palmer JR, Heffner LJ, Rosenberg L. Prepregnancy body size, 
gestational weight gain, and risk of preterm birth in African-American 
women. Epidemiology. 2010;21:243–252 
47. Carnero AM, Mejía CR, García PJ. Rate of gestational weight gain, pre‐
pregnancy body mass index and preterm birth subtypes: a retrospective cohort 
study from Peru. BJOG: An International Journal of Obstetrics & Gynaecology. 
2012 Jul 1;119(8):924–35. 
48. Rudra CB, Frederick IO, Williams MA. Pre-pregnancy body mass index and 
weight gain during pregnancy in relation to preterm delivery subtypes. Acta 
Obstetricia et Gynecologica Scandinavica. 2008 Jan 1;87(5):510–7. 
49. Hickey CA, Cliver SP, McNeal SF, Hoffman HJ, Goldenberg RL. Prenatal weight 
gain patterns and spontaneous preterm birth among nonobese black and white 
women. Obstetrics & Gynecology. 1995 Jun 30;85(6):909–14. 
50. Siega-Riz AM, Viswanathan M, Moos MK, Deierlein A, Mumford S, Knaack J, 
Thieda P, Lux LJ, Lohr KN. A systematic review of outcomes of maternal weight 
gain according to the Institute of Medicine recommendations: birthweight, fetal 
growth, and postpartum weight retention. American journal of obstetrics and 
gynecology. 2009 Oct 31;201(4):339–e1. 
  
25
51. Hickey CA, Cliver SP, McNEAL SF, Hoffman HJ, Goldenberg RL. Prenatal 
weight gain patterns and birth weight among nonobese black and white women. 
Obstetrics & Gynecology. 1996 Oct 31;88(4):490–6. 
52. Sridhar SB, Xu F, Hedderson MM. Trimester-Specific Gestational Weight Gain 
and Infant Size for Gestational Age. PloS one. 2016 Jul 21;11(7):e0159500. 
53. Hinkle SN, Johns AM, Albert PS, Kim S, Grantz KL. Longitudinal changes in 
gestational weight gain and the association with intrauterine fetal growth. 
European Journal of Obstetrics & Gynecology and Reproductive Biology. 2015 
Jul 31;190:41–7. 
54. Brown JE, Murtaugh MA, Jacobs DR, Margellos HC. Variation in newborn size 
according to pregnancy weight change by trimester. The American journal of 
clinical nutrition. 2002 Jul 1;76(1):205–9. 
55. Lawton FG, Mason GC, Kelly K, Ramway IN, Morewood GA. Poor maternal 
weight gain between 28 and 32 weeks gestation may predict small‐for‐gestational‐
age infants. BJOG: An International Journal of Obstetrics & Gynaecology. 1988 
Sep 1;95(9):884–7. 
56. Kominiarek MA, Seligman NS, Dolin C, Gao W, Berghella V, Hoffman M, 
Hibbard JU. Gestational weight gain and obesity: is 20 pounds too much?  
American journal of obstetrics and gynecology. 2013 Sep 30;209(3):214–e1. 
57. Nohr EA, Vaeth M, Baker JL, Sørensen TI, Olsen J, Rasmussen KM. Pregnancy 
outcomes related to gestational weight gain in women defined by their body mass 
index, parity, height, and smoking status. The American journal of clinical 
nutrition. 2009 Nov 1;90(5):1288–94. 
  
  
26
Table 1.  Sample Characteristics according to quintile of accumulated pound-days 
during pregnancy (n=2,370)1 
 Quintile of pound-days 
 1  2  3  4  5 
Characteristic N (%)  N (%)  N (%)  N (%)  N (%) 
Age (years)           
     <25 73 (22.3)  46 (14.0)  62 (18.9)  60 (18.3)  87 (26.5) 
       25 – < 30 116 (21.6)  90 (16.7)  108 (20.1)  103 (19.1)  121 (22.5) 
       30 – < 35 156 (20.1)  175 (22.6)  150 (19.3)  155 (20.0)  140 (18.0) 
    ≥ 35  176 (33.8)  158 (22.2)  145 (20.0)  132 (18.5)  101 (14.2) 
Initial BMI (lbs/in
2
)          
     <25 108 (10.4)  216 (20.1)  233 (22.5)  240 (23.2)  237 (22.9) 
       25 – 30  116 (17.5)  126 (19.0)  139 (21.0)  146 (22.0)  136 (20.5) 
    ≥ 35  295 (44.4)  129 (19.4)  94 (14.2)  65 (9.8)  81 (12.2) 
          
Gravidity           
       0 77 (13.7)  110 (19.5)  125 (22.2)  128 (28.3)  124 (22.0) 
       1 126 (19.6)  131 (20.4)  137 (21.3)  121 (18.9)  127 (19.8) 
       2 103 (23.1)  101 (22.7)  87 (19.5)  77 (17.3)  78  (17.5) 
     ≥3 213 (29.8)  131 (18.4)  119 (16.7)  126 (17.7)  125 (17.5) 
          
Smoking          
       Yes  78 (21.2)  63 (17.8)  62 (17.5)  70 (19.7)  82 (23.1) 
       No  443 (22.1)  409 (20.4)  402 (20.2)  382 (19.0)  371 (18.5) 
          
Race/ethnicity          
       Caucasian 205 (16.6)  252 (20.4)  268 (21.7)  279 (22.6)  233 (18.8) 
       African American 144 (34.8)  73 (17.6)  60 (14.5)  57 (13.8)  80 (19.3) 
       Asian 22 (16.2)  38 (27.9)  32 (23.5)  22 (16.2)  22 (16.2) 
       Hispanic 122 (26.4)  92 (19.9)  86 (18.6)  74 (16.0)  89 (19.2) 
       Other  30 (25.2)  18 (15.1)  21 (17.7)  20 (16.8)  30 (25.2) 
          
Insurance status          
       Private/Self-pay 236 (31.3)  121 (16.0)  121 (16.0)  121 (16.0)  156 (20.7) 
       Public/None  282 (17.7)  350 (22.0)  340 (21.4)  328 (20.6)  290 (18.2) 
          
Education           
       High school or 
less 
120 (3.2)  51 (13.1)  72 (18.5)  52 (13.3)  95 (24.4) 
       Some college 147 (28.6)  95 (18.5)  85 (16.5)  90 (17.5)  97 (18.9) 
       College graduate 137 (19.6)  142 (20.3)  139 (19.0)  145 (20.7)  136 (19.5) 
       Graduate School  116 (15.5)  182 (24.3)  168 (22.4)  163 (21.5)  121 (16.1) 
          
History of diabetes          
       Yes 18 (30.0)  12 (20.0)  3 (5.0)  12 (20.0)  15 (25.0) 
       No  491 (21.6)  455 (20.0)  461 (20.2)  436 (19.1)  435 (19.1) 
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History of chronic 
hypertension 
         
       Yes 42 (34.4)  22 (18.0)  21 (17.2)  15 (12.3)  22 (18.0) 
       No  481 (21.4)  451 (20.1)  447 (19.9)  437 (19.4)  432 (19.2) 
          
History of thyroid 
disease 
         
       Yes 45 (20.8)  36 (16.7)  51 (23.6)  48 (22.2)  36 (16.7) 
       No  478 (22.2)  437 (20.3)  417 (19.4)  404 (18.8)  418 (19.4) 
          
Gestational diabetes          
       Yes 68 (38.9)  49 (28.0)  28 (16.0)  18 (10.3)  12 (6.9) 
       No  451 (20.7)  422 (19.3)  368 (20.1)  430 (19.7)  374 (20.1) 
               
Gestational 
hypertension 
              
       Yes 17 (17.9)  16 (16.8)  17 (17.9)  21 (22.1)  24 (25.3) 
       No  506 (22.2)  457 (20.1)  451 (19.8)  431 (19.0)  430 (18.9) 
               
Pre-eclampsia               
       Yes 32 (19.6)  36 (22.1)  22 (13.5)  30 (18.4)  43 (26.4) 
       No  491 (22.3)  437 (19.8)  446 (20.2)  422 (19.1)  411 (18.6) 
1Row percentages are shown 
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Table 2.  Factors associated with pound days accumulated over gestation in generalized 
linear models (n=2,370) 
Characteristic Unajusted Beta-coefficient 
(β) (95% CI)  
Adjusted1 Beta-coefficient 
(β) (95% CI) 
   Age (years)   
     <25 Referent Referent  
       25 – < 30 -116.08 (-191.16, -41.00) -85.23 (-159.49, -10.96) 
       30 – < 35 -92.61 (-163.19, -22.03) -124.70 (-204.19, -45.20) 
    ≥ 35  -240.37 (-330.07, -150.67) -188.61 (-274.15, -103.08) 
Initial BMI (lbs/in
2
)   
     <25 Referent  Referent 
       25 – 30  -71.72 (-123.05, -20.39) -43.52 (-93.09, 6.04) 
    ≥ 30  -377.70 (-428.80, -326.60) -287.99 (-341.31, -234.66) 
   Gravidity    
       0 Referent  Referent 
       1 -96.94 (-158.57, -35.31) -54.87 (-112.34, 2.59) 
       2 -165.48 (-233.15, -97.81) -85.45 (-149.36, -21.53) 
     ≥3 -197.96 (-258.13, -137.80) -65.43 (-126.06, -4.79) 
   Smoking 36.71 (-23.33, 98.74) 42.36 (-15.22, 99.94) 
   Race/ethnicity   
       Caucasian Referent Referent 
       African American -125.40 (-186.31, -64.49) -31.14 (-99.25, 36.96) 
       Asian  -70.05 (-166.97, 28.86) -62.32 (-152.10, 27.46) 
       Hispanic         -105.94 (-164.40, -47.49) -49.5 (-114.47, 15.46) 
       Other  -74.83 (-177.79, 28.13) -0.67 (-100.56, 99.22) 
   Insurance status   
       Private/Self-pay Referent Referent 
       Public/None  -89.17 (-136.68, -41.66) 86.13 (24.71, 147.56) 
   Education    
       High school or less Referent Referent  
       Some college -35.39 (-107.50, 36.72) -26.72 (-94.98, 41.54) 
       College graduate 31.89 (-35.98, 99.75) -16.41 (-93.83, 61.01) 
       Graduate School  57.02 (-10.01, 124.05) -35.59 (-118.78, 47.60) 
   History of diabetes 72.49 (-228.76, 55.39) 62.05 (-70.22, 194.33) 
   History of chronic hypertension -194.71 (-295.04, -94.38) -77.38 (-174.38, 19.62) 
   History of thyroid disease 9.21 (-67.94, 86.35) 16.75 (-53.98, 87.47) 
   Gestational diabetes -306.16 (-390.12, -222.21) -197.24 (-275.82, -118.67) 
   Gestational hypertension  118.9 (5.49, 232.3) 128.98 (26.85, 231.11) 
   Pre-eclampsia -98.24 (-186.5, -10.0) 126.47 (39.73, 213.20) 
1Adjusted model controls for variables included in the table and gestational age at delivery  
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Table 3.  Associations between category of pound-days accumulated during pregnancy 
and birth outcomes1 
Outcome Spontaneous 
preterm birth  
Small for 
gestational age   
Large for 
gestational age   
    
Cases/person -weeks 167/54,275 387/58,873 218/58,873 
    
Unadjusted Hazard Ratio (95% CI)     
Quintile of pound-days    
              1 0.98 (0.61, 1.58) 1.22 (0.91, 1.64) 1.19 (0.76, 1.87) 
              2  1.22 (0.78, 1.92) 1.15 (0.85, 1.55) 0.78 (0.47, 1.65) 
              3  1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
              4  1.12 (0.71, 1.78) 0.84 (0.61, 1.16) 1.54 (1.01, 2.36) 
              5 0.55 (0.31, 0.96) 0.66 (0.47, 0.93) 1.73 (1.14, 2.63) 
    
Adjusted Hazard Ratio (95% CI)2    
Quintile of pound-days     
              1 0.99 (0.59, 1.67) 1.23 (0.89, 1.69) 0.57 (0.38, 1.98) 
              2 1.17 (0.74, 1.87) 1.06 (0.78, 1.44) 0.62 (0.37, 1.06) 
              3 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
              4 1.16 (0.73, 1.86) 0.81 (0.58, 1.12) 1.34 (0.86, 2.10) 
              5 0.54 (0.30, 0.96) 0.52 (0.36, 0.75) 1.80 (1.17, 2.78) 
    
1Pound-days treated as a time varying exposure in stratified Cox-proportional hazards models, with 
completed gestational weeks as the time scale 
2Adjusted for age, baseline bmi, gravidity, race/ethnicity, education, insurance status, smoking status, 
history of thyroid disease, history of lupus, history of diabetes, gestational diabetes, gestational 
hypertension, and pre-eclampsia. 
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Table 4.  Multivariable associations between time-varying quintile of pound-days 
accumulated during pregnancy and birth outcomes, stratified by initial BMI1   
Outcome Spontaneous 
preterm birth  
HR (95% CI) 
Small for gestational 
age 
HR (95% CI)   
Large for gestational 
age   
HR (95% CI) 
    
BMI < 25     
 72/23,788 200/25,114 70/25,114 
Quintile of pound-days     
                1 1.41 (0.56, 3.55) 1.37 (0.85, 2.22)    1.61 (0.48, 5.46) 
                2 1.54 (0.77, 3.10) 1.23 (0.82, 1.86) 0.36 (0.10, 1.37) 
                3 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
                4 1.45 (0.73, 2.85) 0.71 (0.45, 1.12) 2.09 (0.94, 4.65) 
                5 0.63 (0.28, 1.44) 0.61 (0.38, 0.96) 3.78 (1.76, 8.13) 
    
BMI ≥ 25    
Cases/person-weeks  88/15,444 180/31,231 132/31,231 
Quintile of pound-days    
                1 0.74 (0.40, 1.39) 0.91 (0.59, 1.41)     0.55 (0.31, 0.99) 
                2 0.93 (0.50, 1.80) 0.83 (0.52, 1.34) 0.71 (0.39, 1.18) 
                3 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
                4 1.05 (0.54, 2.03) 1.02 (0.63, 1.65) 1.05 (0.60, 1.85) 
                5 0.46 (0.20, 1.05) 0.45 (0.25, 0.82) 1.05 (0.60, 1.85) 
    
1Adjusted for age, gravidity, race/ethnicity, education, insurance status, smoking status, initial BMI, 
history of thyroid disease, history of lupus, history of diabetes, gestational diabetes, gestational 
hypertension, and pre-eclampsia. 
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Table 5.  Multivariable associations between time-varying quintile of pound-days 
accumulated during pregnancy and birth outcomes, stratified by gravidity1   
Outcome Spontaneous 
preterm birth  
HR (95% CI) 
Small for 
gestational age 
HR (95% CI)   
Large for gestational 
age   
HR (95% CI) 
    
Primigravid    
Cases/person-weeks 40/12,880 91/14,071 41/14,121 
Quintile of pound-days     
                1 3.72 (0.8, 17.19) 2.05 (1.05, 4.03)     0.99 (0.24, 4.13) 
                2 3.72 (0.8, 17.19) 1.68 (0.9, 3.12) 0.5 (0.15, 1.68) 
                3 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
                4 6.43 (1.86, 22.22) 0.93 (0.47, 1.84) 1.29 (0.47, 3.55) 
                5 1.69 (0.39, 7.35) 0.48 (0.22, 1.06) 1.26 (0.45, 3.49) 
    
Multigravid     
Cases/person-weeks  127/41,175 296 /44,607 177/44,607 
Quintile of pound-days    
                1 0.75 (0.43, 1.31) 1.14 (0.8, 1.65)     0.53 (0.29, 0.94) 
                2 0.92 (0.55, 1.52) 1.01 (0.71, 1.44) 0.60 (0.33, 1.09) 
                3 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 
                4 0.71 (0.4, 1.24) 0.85 (0.59, 1.24) 1.31 (0.79, 2.19) 
                5 0.43 (0.22, 0.82) 0.62 (0.42, 0.93) 1.88 (1.16, 3.04) 
    
1Adjusted for age, gravidity, race/ethnicity, education, insurance status, smoking status, initial BMI, 
history of thyroid disease, history of lupus, history of diabetes, gestational hypertension, and pre-
eclampsia.   
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Table 6.  Multivariable1 associations between pound-days accumulated between 18 and 
26 weeks of gestation and birth outcomes 
Outcome  Participants with measured 
weight at 18 and 26 weeks 
(n=395)  
 
Multivariate HR (95% CI) 
 
All participants 
(n=2,370) 
 
Multivariate HR (95% CI) 
Preterm birth   
Pound-days    
     Q1 1.62 (0.44, 6.02) 0.99 (0.57, 1.7) 
     Q2 0.62 (0.15, 2.65) 0.71 (0.39, 1.29) 
     Q3 1.00 (Ref.) 1.00 (Ref.) 
     Q4 0.96 (0.25, 3.64) 1.19 (0.76, 1.88) 
     Q5 0.57 (0.14, 2.34) 0.53 (0.30, 0.92) 
   
SGA    
Pound-days    
     Q1 0.66 (0.26, 1.71) 1.03 (0.71, 1.48) 
     Q2 0.76 (0.34, 1.7) 0.78 (0.53, 1.14) 
     Q3 1.00 (Ref.) 1.00 (Ref.) 
     Q4 0.7 (0.31, 1.58) 0.86 (0.62, 1.21) 
     Q5 0.9 (0.41, 2.01) 0.63 (0.44, 0.89) 
   
LGA   
Pound-days   
     Q1 2.36 (0.39, 14.46) 0.85 (0.46, 1.59) 
     Q2 1.40 (0.27, 7.17) 1.23 (0.72, 2.11) 
     Q3 1.00 (Ref.) 1.00 (Ref.) 
     Q4 2.50 (0.57, 11.05) 1.17 (0.73, 1.88) 
     Q5 1.23 (0.22, 6.87) 1.66 (1.07, 2.58) 
1Adjusted for age, gravidity, race/ethnicity, education, insurance status, smoking status, initial BMI, 
history of thyroid disease, history of lupus, history of diabetes, gestational hypertension, and pre-
eclampsia.   
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3.  PREDICTORS AND OUTCOMES ASSOCIATED WITH GESTATIONAL 
WEIGHT GAIN AMONG PREGNANT WOMEN IN DAR ES SALAAM, 
TANZANIA 
 
3.1 ABSTRACT  
Background:  Gestational weight gain is a potentially modifiable risk factor for adverse 
pregnancy outcomes, but few studies on this topic have been carried out in less developed 
settings.  In addition, few studies have accounted for bias introduced by the correlation 
between gestational weight gain and gestational duration.  The aims of this study were to 
identify predictors of high and low gestational weight gain using the INTERGROWTH 
21st standards among pregnant women in Dar es Salaam, Tanzania and to evaluate the 
association between high and low weight gain with adverse birth outcomes using a 
survival framework.   Methods:  This is a prospective cohort study of using data from a 
randomized trial on micronutrient supplementation and placental malaria in Dar es 
Salaam, Tanzania.  Repeated measures of gestational weight gain were taken during 
pregnancy starting from the first trimester.  Weekly and total cumulative weight gain 
were classified into the following categories based on the INTERGROWTH-21st 
standards: <3rd percentile, 3rd -97th percentile, >97th percentile.  Log-poisson models with 
empirical variance estimation was used to identify predictors of total gestational weight 
gain below the 3rd percentile and above the 97th percentile.   Cox proportional hazards 
models were used estimate hazard ratios and 95% confidence intervals for the association 
between category of gestational weight gain and adverse pregnancy outcomes.  
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Results:  After adjustment for confounders, weight gain below the 3rd percentile was 
associated with increased hazards of perinatal death [Hazard Ratio (HR): 1.94, 95% 
Confidence Interval (CI) 1.01, 3.73)] and small-for-gestational age (SGA) births (HR 
1.51, 95% CI 1.02, 2.24), and a decreased hazard of preterm birth (HR 0.65, 95% CI 
0.48, 0.88).  Weight gain above the 97th percentile showed a trend toward an increased 
hazard of large-for-gestational age births (HR 1.77, 95% CI 0.96, 3.25).  Being 
overweight or obese predicted weight gain below the 3rd percentile, while being 
underweight predicted weight gain above the 97th percentile.  Conclusion:  High and low 
gestational weight gain as defined by the tails of the INTERGROWTH-21st reference 
distribution appear to predict adverse birth outcomes and suggest that the 
INTERGROWTH-21st standards may be an important clinical tool to for monitoring 
deviations from healthy pregnancy weight gain in this population.   
 
3.2  INTRODUCTION   
Inadequate and excessive gestational weight gain are consistently associated with 
adverse birth outcomes such as neonatal death, preterm birth, small-for-gestational age 
(SGA) births [1–13], which have been deemed the biggest drain on human capital, 
particularly in the world’s poorest countries [14].   Though gestational weight gain is a 
potentially modifiable risk factor for these outcomes, few studies on this topic have been 
carried out in less developed settings.  More research is needed to characterize predictors 
and consequences in these populations, and doing so will depend on adequately defining 
deviations from healthy pregnancy weight gain.   Currently, however, these definitions 
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vary widely across countries [15, 16], and no international consensus has been reached on 
this issue.   
To address this lack of consensus, the INTERGROWTH-21st consortium recently 
released gestational weight gain standards derived from healthy, well-nourished pregnant 
women of normal weight with a low risk of adverse maternal or perinatal outcomes from 
urban regions Brazil, China, India, Italy, Kenya, Oman, the United Kingdom, and the 
United States [17].  These standards provide smoothed cumulative weight gain centiles 
for each week of gestation in the second and third trimester.  The risks of adverse 
pregnancy outcomes among those in other populations who fall into the extremes of this 
distribution have not yet been established, however.  Doing so will enhance their ability 
to guide clinical recommendations and interventions starting relatively early in 
pregnancy.    
Studies assessing the risk of adverse pregnancy outcomes associated with 
gestational weight gain are vulnerable to bias because many of these outcomes are 
correlated with gestational duration [18, 19].  If this correlation is not taken into account, 
low gestational weight gain may appear to increase the risk of preterm birth, for example, 
because women with shorter pregnancies have less opportunity to gain weight.  Mitchell 
et al. [20] recently demonstrated that the use of survival models with repeated weight 
measures when multiple weight measurements at intermittent time points are available 
can mitigate this bias and accurately and precisely estimate hazard ratios for preterm 
birth.  
In this study, we evaluated potential predictors of high and low gestational weight 
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gain using the INTERGROWTH 21st standards among pregnant women in Dar es 
Salaam, Tanzania and used the survival framework proposed by Mitchell et al. to 
examine relationship between gestational weight gain and preterm birth, perinatal death, 
SGA, and LGA.    
 
3.3  METHODS  
Study Population  
This study is a secondary analysis of data collected prospectively in a 
randomized, double-blind, placebo-controlled factorial trial evaluating the impact of 
vitamin A and Zinc supplementation during pregnancy on the risk of placental malaria in 
Dar es Salaam, Tanzania (ClinicalTrials.gov Identifier: NCT01115478).  Participants 
eligible for the trial were HIV-negative, age 18 and above, in their first or second 
pregnancies, and planning to stay in Dar es Salaam for at least 6 weeks following 
delivery.  The trial limited eligibility to women in their first and second pregnancy 
because greater malaria infection rates have been observed in these groups [21].  They 
were enrolled before 12 weeks of gestation, completed monthly study visits until 
delivery, and followed until 6-weeks post-partum.  Detailed methods of the trial are 
described elsewhere [22].   All participants provided written informed consent.  
Institutional Review Boards at the Harvard T.H. Chan School of Public Health and the 
Muhimbili University of Health and Allied Sciences approved this study.  This secondary 
analysis was limited to singleton pregnancies with known dates of delivery, at least 2 
recorded weight measurements with the first measurement taken between 4 and 14 weeks 
of gestation, and plausible values (± 5 SD) for total gestational weight gain.   
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Gestational Weight Gain  
Trained research nurses measured participants’ weight at each monthly study 
visit.  For weeks in which no weight measurement was collected, we interpolated weight 
values using a linear repeated-measures mixed-effects model with gestational age as the 
independent variable, weight as the dependent variable, fixed and random effects for the 
intercept and gestational age terms, and an unstructured variance-covariance matrix.  This 
model produced subject specific slopes and intercepts which were used to interpolate 
weight values.   Therefore, participants had a real or interpolated weight value for each 
week of gestation until the end of their pregnancy starting from the week of their first 
recorded weight measurement.  In a validation study, this interpolation method showed 
an average difference in real and interpolated weight values of 0.13 lbs at 28 weeks and   
-0.30 lbs at 40 weeks [23].  This method is advantageous over simple linear interpolation 
between two observed measurements because it enables the estimation of weight 
measurements at timepoints beyond the last observed measurement.  Starting with 
measured or interpolated weight at 14 weeks of gestation, the INTERGROWTH-21st 
maternal weight gain standards [17] were used to classify cumulative weight gain at each 
week into the following three categories: below the 3rd percentile, 3rd to 97th percentile, 
and above the 97th percentile.  Total weight gain was calculated as the difference between 
the real or interpolated weight value at delivery and the real or interpolated weight value 
at twelve weeks of gestation assuming weight gain in the first trimester is likely to be 
minimal.   
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Pregnancy outcomes   
Preterm birth was defined as any live births or stillbirths occurring before 37 
weeks of gestation.  The date of last menstrual period was used to calculate the expected 
date of delivery and hence ascertain gestational age.  Perinatal deaths were defined as 
deaths occurring between 28 weeks of gestation and 7 days post-partum.  Birth weight 
was measured at delivery.  SGA births were defined as those weighing below the 10th 
percentile for gestational age at delivery according to the INTERGROWTH-21st fetal 
growth standards [24] LGA births were defined as those weighing above the 90th 
percentile for gestational age at delivery according to these standards.  Because the 
INTERGROWTH-21st fetal growth standards only apply to gestational ages of 33 to 42 
weeks, we extrapolated values for 30–32 weeks using the equations provided.     
Covariates  
The following covariates recorded or measured at baseline were considered as 
potential predictors of gestational weight gain based on those previously identified in the 
literature [25–33]:  markers of socioeconomic status (education, employment, , daily per 
capita household expenditure on food less than 1000 Tanzanian shillings (about $0.50 in 
U.S. dollars), frequency of meat consumption) age, gravidity, marital status, trial 
regimen, anemia at baseline (defined as hemoglobin less than 11.5) and reported diarrheal 
illness during pregnancy.   
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Statistical analysis 
Each potential predictor of gestational weight gain category was included in a 
univariable log-poisson model with empirical variance estimation with total gestational 
weight gain below the 3rd percentile and above the 97th percentile as the outcome 
variables.  All potential predictors were then included in multivariable models. Cox 
proportional hazards models with the Andersen-Gill counting method were used to 
estimate crude and adjusted hazard ratios and 95% confidence intervals associated with 
weight gain below the 3rd percentile and above the 97th percentile compared to weight 
gain between the 3rd and 97th percentiles and each pregnancy outcome.  Weight gain 
category was as treated as a time varying exposure that was updated at each week of 
gestation.  Because there were insufficient cases to estimate the association between 
weight gain above the 97th percentile and perinatal death, person time in this category 
was added to the reference category in this model.  Week of gestation was used as the 
time scale in all models.  Pregnancy losses occurring before 28 weeks were censored in 
the analyses of preterm birth and perinatal death.  The analyses of small and large-for-
gestational age births was limited to pregnancies between 30 and 42 weeks in duration.  
Covariates included in adjusted models included trial regimen, age, years of education, 
employment type, housing type, marital status, gravidity, and BMI at first study visit.  To 
examine effect measure modification, pregnancy outcome analyses were further stratified 
by trimester (2nd and 3rd) and BMI at first study visit (< 25, ≥ 25).  Insufficient cases and 
person time in the highest weight gain category precluded stratification by BMI.  For 
models estimating outcomes associated with <3rd percentile gain, the person years among 
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the >97th percentile weight gain group were added to the reference category (i.e. <3rd 
percentile vs. ≥97th percentile).  
 A post-hoc sensitivity analysis was conducted to investigate the impact of the 
interpolated values on results.  In this analysis, we examined the association between 
each outcome and cumulative weight gain centile category at 17 weeks of gestation, the 
timepoint at which the largest number of measured weights were available.  We 
conducted this analysis first among participants who had a measured weight at 17 weeks, 
repeated it among all participants, and compared the results.   
 
3.4  RESULTS  
Of the 2500 participants in the original trial, 2452 (98%) had singleton 
pregnancies.  Pregnancy outcome was unknown for 66 of these participants (3%) and 
timing of pregnancy outcome was unknown for 164 (7%) Another 228 participants had 
less than two weight measurements, and 113 did not have a first weight measurement 
between 4 and 14 weeks of gestation. Nine had implausible (greater or less than 5 
standard deviations from the mean) values for interpolated cumulative weight gain.  The 
final analytic sample was therefore limited to 1,872 (75%) of the original trial 
participants.   The analyses of small and large-for-gestational age births were further 
limited to the 1,739 participants whose pregnancies were between 30 and 42 weeks in 
duration (70%).   
The final analytic sample had a total of 9,018 weight measurements available.  
The average number of weight measurements per participant was 5.  Another 37,754 
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weight measurements were interpolated.  An average of 20 weight measurements were 
interpolated per participant.  Based on the combination of real and interpolated weight 
measurements, participants gained an average of 5.4 kg (median 5.0) during pregnancy.  
Five hundred thirteen participants (27.4%) were below the 3rd percentile for cumulative 
weight gain at the end of pregnancy.   Four hundred forty-nine (23.9%) were above the 
97th percentile.  Three hundred eighty-two (21.9%) participants delivered an infant before 
37 weeks of gestation. Fifty-eight perinatal deaths occurred (3.1%).  Two forty-three 
(13.0%) infants were born small for gestational age births and 275 (14.7%) were born 
large-for-gestational age.   
Table 7 shows baseline characteristics by percentile category of cumulative 
weight gain at the end of pregnancy.  An initial BMI of 18.5 kg/m2 or lower was less 
common among those below the third percentile or greater, whereas an initial BMI of 
greater than 30 kg/m2 was more common among those in both extreme categories.  The 
distribution of other baseline characteristics was similar across cumulative weight gain 
categories.   
Table 8 shows risk ratios for cumulative weight gain below the 3rd percentile or 
above the 97th percentile at the end of pregnancy according to demographic and 
reproductive factors.  An initial BMI of 25 kg/m2 or greater was associated with an 
increased risk for cumulative weight gain below the 3rd percentile.  After adjustment for 
covariates, the risk ratio for cumulative weight gain below the 3rd percentile comparing 
women with a BMI between 25 and 30 kg/m2 to women with a BMI between 18.5 and 
24.9 was 2.01 (95% CI 1.54, 1.87).  The adjusted risk ratio comparing women with a 
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BMI of 30 kg/m2 or greater to normal weight women was 2.93 (95% CI 2.16, 3.99).  
Conversely, being underweight was associated with a reduced risk of weight gain below 
the 3rd percentile.  The adjusted risk ratio comparing women with BMI of less than 18.5 
kg/m2 was 0.15 (95% CI 0.05, 0.47).  No other baseline characteristics were associated 
with weight gain below the 3rd percentile.   
Both high and low BMI were also associated with an increased risk for 
cumulative weight gain above the 97th percentile at the end of pregnancy.  The adjusted 
risk ratio for cumulative weight gain above the 97th percentile for those with an initial 
BMI of 30 kg/m2 or greater compared to normal weight women was 1.37 (95% CI 1.01, 
1.87).  The adjusted risk ratio for cumulative weight gain above the 97th percentile for 
those with an initial BMI of less than 18.5 kg/m2 compared to normal weight women was 
1.35 (1.03, 1.78).  In addition, women with the most and least education had an increased 
risk of cumulative weight gain above the 97th percentile.  Compared to women with 8–11 
years of education, those with four or fewer years of education were 1.61 (95% CI 1.14., 
2.25) times more likely to be in this category and those with 12 or more years of 
education were 1.55 (95% CI 1.02, 2.36) times more likely to be in this category.   
Table 9 shows the relations between time-varying INTERGROWTH21st 
cumulative weight gain percentile categories and each birth outcome.   Compared to the 
reference category, weight gain below the 3rd percentile was associated with reduced 
hazards of preterm birth (HR 0.65, 95% CI 0.48, 0.88) and LGA (HR 0.53, 95% CI 0.37, 
0.78) but increased hazards of perinatal death (HR 1.94, 95% CI 1.01, 3.73) and SGA 
(HR 1.51, 95% CI 1.03, 2.24) in the adjusted models.  Weight gain above the 97th 
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percentile was associated with an increased hazard of LGA in the unadjusted model (HR 
1.94, 95% CI 1.09, 3.48), but the association became weaker following adjustment for 
confounders (HR 1.77, 95% CI 0.96, 3.25).   This attenuation was largely the result of 
adding initial BMI to the model.  When we evaluated weight gain in the second and third 
trimester separately (Table 10), hazard ratios for the associations with preterm birth SGA 
were similar in both trimesters.  However, both the increased hazard of perinatal death 
associated with weight gain below the 3rd percentile and the increased hazard of LGA 
associated with weight gain above the 97th percentile were somewhat stronger in the third 
trimester.   
     Following stratification by initial BMI (Table 11), the reduced hazards of 
preterm birth and LGA associated with weight gain below the 3rd percentile remained 
apparent.  Likewise, increased hazards were still observed in both BMI strata for the 
association between weight gain below the 3rd percentile and SGA, but the confidence 
interval for this association included the null value among normal and underweight 
women. The increased association between weight gain below the 3rd percentile and 
perinatal death was evident only among overweight or obese women (HR: 4.80, 95% CI 
1.46, 15.83) however.    
 The results of the sensitivity analysis are shown in Table 12.   Although most of 
the associations between cumulative weight gain centile category at 17 weeks and the 
various birth outcomes had wide confidence intervals that included the null, the point 
estimates from those derived from the models that included exposure categories based on 
both measured and interpolated weights were consistently closer to 1 than those derived 
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from models that included exposure categories based on measured weights only.  The 
lone exception was the association between cumulative weight gain below the third 
percentile and preterm birth.  Both hazard ratios for preterm birth, however, were similar 
in magnitude.   
 
3.5  DISCUSSION  
In this study, we present the first evaluation of predictors and consequences of 
gestational weight gain as defined by the INTERGROWTH-21st standards.   Based on a 
combination of observed and estimated weight values, we found that in this urban 
Tanzanian population, a substantial proportion of women experienced weight gain at the 
extremes of the INTERGROWTH-21st reference distribution by the end of their 
pregnancies.  Being obese predicted weight gain at both of these extremes.  In addition, 
both high and low levels of education predicted weight gain above the 97th percentile.    
Women with the lowest gains had greater risks of infant mortality and SGA births, 
especially among overweight and obese women.   At the other extreme of weight gain, a 
trend toward increased hazards of LGA were observed for all women. Our results agree 
with previous data from Tanzania [34, 35] and other populations [25, 26] showing that 
women with the highest weights or BMIs gained less weight during pregnancy.  These 
observations may reflect normal physiology, since women who begin pregnancy with 
more body mass reserves will require less of an increase.  In addition, the more modest 
positive association between obesity and high gestational weight gain reported here is 
confirmed in other studies [25, 27–29].  Previous research has also corroborated the 
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association we observed between low levels of education and high weight gain [30–33].  
Similar to our findings, Deputy et al. [30] also saw an association between high levels of 
education and high weight gain, though this was limited to overweight women.  Future 
studies should identify dietary, lifestyle, and psychosocial factors that may underlie the 
relationships between BMI, education, and gestational weight gain in this population.  As 
noted by Wells et al. [33], these factors are not modifiable once pregnancy begins.  
Therefore, targeted interventions during pregnancy may be less effective at promoting 
healthy weight gain than overall improvements in women’s health, education, and well-
being.      
Although no previous studies have used the INTERGROWTH-21st standards to 
define high and low gestational weight gain, our results are comparable to several other 
reports based on other growth standards that suggest high gestational weight gain 
increases the risk of LGA births [2–4, 6, 12, 36, 37] and low gestational weight protects 
against LGA in overweight and obese women [12] and increases the risk of SGA overall 
[1–7].  Fewer studies have investigated the relationship between gestational weight gain 
and fetal or perinatal mortality.  No association between weight gain and stillbirth in the 
Danish National Cohort [38] or for perinatal death among overweight women in a 
population-based cohort study of Missouri residents.   However, a case-control study 
using 1988 US National Maternal and Infant Health Survey data found that a low rate of 
weight gain was associated with an increased risk for neonatal death in all pre-pregnancy 
BMI categories [13].  Importantly, although overweight and obese women may gain less 
weight during pregnancy on average due to a reduced physiological demand for body 
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mass accumulation, weight gain below the 3rd percentile showed stronger associations 
with perinatal death and SGA among these women.  
Our results contrast with several previous studies showing that low total weight 
gain [6, 8] or a low weight gain rate during pregnancy increased risk of pre-term delivery 
[9–11]. While many of these studies have not fully accounted for the confounding 
influence of gestational duration [18–20], this association appeared robust in a study that 
eliminated this bias by using z-score charts to classify total gestational weight gain [39].  
The protective association we observed between low gestational weight gain and preterm 
birth in this study may be the result of competing risk of fetal death, which was positively 
associated with weight gain below the 3rd percentile.   We investigated the possibility that 
participants in this category with surviving fetuses may represent a selected group with 
less complicated pregnancies.  Despite their low amount of weight gain, their pregnancies 
may have been healthier overall and therefore more likely to continue to full term.  When 
we restricted this analysis solely to participants with surviving infants, however, the 
hazard ratios were similar.  An alternative speculation is that women in this category may 
have had a decreased risk for weight-gain pregnancy conditions such as gestational 
diabetes [40], preeclampsia and hypertension [41] that can lead to preterm birth.  
Strengths of this study include prospectively obtained repeated measurements of 
maternal weight starting in the beginning of the second trimester and the use of survival 
modeling to account for the correlation between gestational weight gain and gestational 
duration.  Although this modeling approach necessitated the interpolation of a 
considerable number of weight values for each week of gestation in which no weight was 
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collected [20], our validation study of our interpolation technique showed only minimal 
differences between observed and estimated weights at 28 and 40 weeks [23].  In 
addition, weight gain categories were broad in this study, so we believe interpolated 
weight values that deviated slightly from measured values are unlikely to have led to the 
misclassification of many participants into incorrect categories.  To address the impact of 
this potential misclassification, we conducted a post-hoc sensitivity analysis in which we 
examined differences in hazard ratios for the association between cumulative weight gain 
centile category at 17 weeks and birth outcomes among participants with measured 
weights at 17 weeks and among all participants.  The results of this sensitivity analysis 
suggest that the use of interpolated weight values has yielded conservative estimates for 
most associations.    
Our study is limited by the use of last menstrual period date to calculate 
gestational age.  Inaccuracies in recall could have led to misclassification of gestational 
weight gain category since the INTERGROWTH-21st standards are gestational age 
specific.  It could also have led to misclassification of preterm birth and SGA.  However, 
we would not expect a substantial amount of recall error given that gestational age was 
assessed in the first trimester.  We also expect that any exposure or outcome 
misclassification would be non-differential since gestational age was calculated before 
any of the study outcomes occurred.   
In conclusion, our results suggest the need for an increased focus on healthy 
weight gain in this urban Tanzanian population, particularly among overweight and obese 
pregnant women.  Not only do these women appear more likely to experience both high 
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and low weight gain, but their infants appear more likely to die or experience reduced 
fetal growth following low weight gain.   Further, if confirmed in future studies that also 
account for potential confounding by gestational duration, our results suggest that the 
INTERGROWTH-21st standards may be an important clinical tool to for monitoring 
deviations from healthy pregnancy weight gain in this population.   
 
 
 
  
  
49
3.6  REFERENCES 
1. Stotland NE, Cheng YW, Hopkins LM, Caughey AB. Gestational weight gain and 
adverse neonatal outcome among term infants.  Obstet Gynecol. 2006 Sep;108(3 
Pt 1):635–43. 
2. Margerison Zilko CE, Rehkopf D, Abrams B. Association of maternal gestational 
weight gain with short- and long-term maternal and child health outcomes. Am J 
Obstet Gynecol. 2010 Jun;202(6):574 
3. Chung JG, Taylor RS, Thompson JM, Anderson NH, Dekker GA, Kenny LC, 
McCowan LM. Gestational weight gain and adverse pregnancy outcomes in a 
nulliparous cohort. European Journal of Obstetrics & Gynecology and 
Reproductive Biology. 2013 Apr 30;167(2):149–53. 
4. Durie DE, Thornburg LL, Glantz JC. Effect of second-trimester and third-
trimester rate of gestational weight gain on maternal and neonatal outcomes. 
Obstetrics & Gynecology. 2011 Sep 1;118(3):569–75. 
5. Dietz PM, Callaghan WM, Smith R, Sharma AJ. Low pregnancy weight gain and 
small for gestational age: a comparison of the association using 3 different 
measures of small for gestational age.  Am J Obstet Gynecol. 2009 
Jul;201(1):53.e1–7 
6. El Rafei R, Abbas HA, Charafeddine L, Nakad P, Al Bizri A, Hamod D, Yunis 
KA. Association of Pre‐Pregnancy Body Mass Index and Gestational Weight 
Gain with Preterm Births and Fetal Size: an Observational Study from Lebanon. 
Paediatric and perinatal epidemiology. 2016 Jan 1;30(1):38–45. 
7. Moore Simas TA, Waring ME, Liao X, Garrison A, Sullivan GM, Howard AE, 
Hardy JR. Prepregnancy weight, gestational weight gain, and risk of growth 
affected neonates. Journal of Women's Health. 2012 Apr 1;21(4):410–7. 
8. Han Z, Mulla S, Beyene J, Liao G, McDonald SD; Knowledge Synthesis Group.  
Maternal underweight and the risk of preterm birth and low birth weight: a 
systematic review and meta-analyses.  Int J Epidemiol. 2011 Feb;40(1):65–101. 
9. Dietz PM, Callaghan WM, Cogswell ME, Morrow B, Ferre C, Schieve LA. 
Combined effects of prepregnancy body mass index and weight gain during 
pregnancy on the risk of preterm delivery. Epidemiology. 2006 Mar 1;17(2):170–
7. 
10. Carmichael SL, Abrams B. A critical review of the relationship between 
gestational weight gain and preterm delivery.  Obstet Gynecol. 1997 May;89(5 Pt 
2):865–73.  
11. Carnero AM1, Mejía CR, García PJ.  Rate of gestational weight gain, pre-
pregnancy body mass index and preterm birth subtypes: a retrospective cohort 
study from Peru. BJOG. 2012 Jul;119(8):924–35.  
12. Cedergren M.  Effects of gestational weight gain and body mass index on 
obstetric outcome in Sweden. Int J Gynaecol Obstet. 2006 Jun;93(3):269–74. 
  
50
13. Chen A, Feresu SA, Fernandez C, Rogan WJ. Maternal obesity and the risk of 
infant death in the United States. Epidemiology (Cambridge, Mass.). 2009 
Jan;20(1):74. 
14. Lawn JE, Blencowe H, Oza S, You D, Lee AC, Waiswa P, Lalli M, Bhutta Z, 
Barros AJ, Christian P, Mathers C. Every Newborn: progress, priorities, and 
potential beyond survival. The Lancet. 2014 Jul 18;384(9938):189–205. 
15. Alavi N, Haley S, Chow K, McDonald SD. Comparison of national gestational 
weight gain guidelines and energy intake recommendations. Obesity Reviews. 
2013 Jan 1;14(1):68–85. 
16. Scott C, Andersen CT, Valdez N, Mardones F, Nohr EA, Poston L, Loetscher KC, 
Abrams B. No global consensus: a cross-sectional survey of maternal weight 
policies. BMC pregnancy and childbirth. 2014 May 15;14(1).   
17. Cheikh Ismail L, Bishop DC, Pang R, Ohuma EO, Kac G, Abrams B, Rasmussen 
K, Barros FC, Hirst JE, Lambert A, Papageorghiou AT, Stones W, Jaffer YA, 
Altman DG, Noble JA, Giolito MR, Gravett MG, Purwar M, Kennedy SH, Bhutta 
ZA, Villar J.  Gestational weight gain standards based on women enrolled in the 
Fetal Growth Longitudinal Study of the INTERGROWTH-21st Project: a 
prospective longitudinal cohort study. BMJ. 2016 Feb 29;352:i555. 
18. Hutcheon JA, Bodnar LM, Joseph KS, Abrams B, Simhan HN, Platt RW.  The 
bias in current measures of gestational weight gain.  Paediatr Perinat Epidemiol. 
2012 Mar;26(2):109–16. 
19. Hutcheon JA, Bodnar LM, Abrams B.  Untangling gestational weight gain from 
gestational age in infant mortality studies.  Am J Public Health. 2014 
Sep;104(9):e1–2. 
20. Mitchell EM, Hinkle SN, Schisterman EF. It’s about time: a survival approach to 
gestational weight gain and preterm delivery. Epidemiology. 2016 Mar 
1;27(2):182–7. 
21. Steketee RW, Wirima JJ, Slutsker L, Heymann DL, Breman JG. Introduction: The 
problem of malaria and malaria control in pregnancy in sub-Saharan Africa. The 
American journal of tropical medicine and hygiene. 1996 Jul 1;55(1 Suppl):2–7. 
22. Darling AM, Mugusi FM, Etheredge AJ, Gunaratna NS, Abioye AI, Aboud S, 
Duggan C, Mongi R, Spiegelman D, Roberts D, Hamer DH, Kain KC, Fawzi 
WW. Vitamin A and Zinc Supplementation among Pregnant Women to Prevent 
Placental Malaria: A Randomized, Double-Blind, Placebo-Controlled Trial in 
Tanzania. Am J Trop Med Hyg. 2017 Jan 23.   
23. Darling AM (list co-authors).  Validating an interpolation method for gestational 
weight gain.  Manuscript in preparation.  
24. Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman DG, Lambert A, 
Papageorghiou AT, Carvalho M, Jaffer YA, Gravett MG. International standards 
for newborn weight, length, and head circumference by gestational age and sex: 
  
51
the Newborn Cross-Sectional Study of the INTERGROWTH-21 st Project. The 
Lancet. 2014 Sep 12;384(9946):857–68.  
25. Chasan-Taber L, Schmidt MD, Pekow P, Sternfeld B, Solomon CG, Markenson 
G. Predictors of excessive and inadequate gestational weight gain in Hispanic 
women.  Obesity (Silver Spring). 2008 Jul;16(7):1657–66.  
26. Chu SY, Callaghan WM, Bish CL, D'angelo D. Gestational weight gain by body 
mass index among US women delivering live births, 2004–2005: fueling future 
obesity. American journal of obstetrics and gynecology. 2009 Mar 
31;200(3):271–e1 
27. Morisset AS, Dubois L, Colapinto CK, Luo ZC, Fraser WD. Prepregnancy Body 
Mass Index as a Significant Predictor of Total Gestational Weight Gain and Birth 
Weight. Canadian Journal of Dietetic Practice and Research. 2017 Feb 1;78(1):1–
8. 
28. Koleilat M, Whaley SE. Trends and predictors of excessive gestational weight 
gain among Hispanic WIC participants in Southern California. Maternal and child 
health journal. 2013 Oct 1;17(8):1399–404. 
29. Kowal C, Kuk J, Tamim H. Characteristics of weight gain in pregnancy among 
Canadian women. Maternal and child health journal. 2012 Apr 1;16(3):668–76. 
30. Deputy, Nicholas P., Andrea J. Sharma, and Shin Y. Kim. "Gestational Weight 
Gain-United States, 2012 and 2013." MMWR. Morbidity and mortality weekly 
report 64.43 (2015): 1215–1220. 
31. Huynh M, Borrell LN, Chambers EC. Maternal education and excessive 
gestational weight gain in New York city, 1999–2001: the effect of race/ethnicity 
and neighborhood socioeconomic status. Matern Child Health J. 2014 
Jan;18(1):138–45 
32. Holowko N, Mishra G, Koupil I. Social inequality in excessive gestational weight 
gain. International Journal of Obesity. 2014 Jan 1;38(1):91–6. 
33. Wells CS, Schwalberg R, Noonan G, Gabor V. Factors influencing inadequate 
and excessive weight gain in pregnancy: Colorado, 2000–2002. Maternal and 
child health journal. 2006 Jan 1;10(1):55–62. 
34. Changamire FT, Mwiru RS, Msamanga GI, Spiegelman D, Urassa W, Hertzmark 
E, Fawzi WW, Peterson KE. Macronutrient and sociodemographic determinants 
of gestational weight gain among HIV-negative women in Tanzania. Food and 
nutrition bulletin. 2014 Mar 1;35(1):43–50. 
35. Moller B, Gebre-Medhin ME, Lindmark GU. Maternal weight, weight gain and 
birthweight at term in the rural Tanzanian village of Ilula. Br J Obstet Gynaecol. 
1989 Feb 1;96(2):158–66. 
36. Liu Y, Dai W, Dai X, Li Z: Prepregnancy body mass index and gestational weight 
gain with the outcome of pregnancy: a 13-year study of 292,568 cases in China. 
Arch Gynecol Obstet. 2012, 286: 905–911. 
  
52
37. Ferraro Z, Barrowman N, Prud Homme D, Walker M, Wen S, Rodger M, Adamo 
K: Excessive gestational weight gain predicts large for gestational age neonates 
independent of maternal body mass index. J Matern Fetal Neonatal Med. 2011, 
25: 538–542 
38. Nohr EA, Bech BH, Davies MJ, Frydenberg M, Henriksen TB, Olsen J. 
Prepregnancy obesity and fetal death: a study within the Danish National Birth 
Cohort. Obstetrics & Gynecology. 2005 Aug 1;106(2):250–9. 
39. Bodnar LM, Hutcheon JA, Parisi SM, Pugh SJ, Abrams B. Comparison of 
Gestational Weight Gain z‐Scores and Traditional Weight Gain Measures in 
Relation to Perinatal Outcomes. Paediatric and perinatal epidemiology. 2015 Jan 
1;29(1):11–21 
40. Hedderson MM, Gunderson EP, Ferrara A. Gestational weight gain and risk of 
gestational diabetes mellitus.  Obstet Gynecol. 2010 Mar;115(3):597–604. 
41. Saftlas AF, Wang W, Risch H, Woolson R, Hsu CD, Bracken MB. Prepregnancy 
body mass index and gestational weight gain as risk factors for preeclampsia and 
transient hypertension. Annals of epidemiology. 2000 Oct 1;10(7):475. 
  
  
53
Table 7. Baseline characteristics according to Intergrowth centile category for 
cumulative weight gain at end of pregnancy (n=1,872) 
 Intergrowth centile category for cumulative weight 
gain at end of pregnancy (N%) 
 <3rd 
(n=279) 
3rd–97th 
(n=1175) 
> 97th 
(n=418) 
Average cumulative weight gain (kg)1  3.02 10.10 12.22 
    Trial Regimen    
     Vitamin A 71 (25.5) 285 (24.3) 113 (27.0) 
     Zinc  69 (24.7) 289 (24.6) 106 (25.4) 
     Vitamin A + Zinc 63 (22.6) 297 (25.3) 96 (23.0) 
     Placebo  76 (27.2) 304 (25.9) 103 (24.6) 
    Age     
     < 20  62 (22.3) 264 (22.6) 84 (20.2) 
     20 – 35  147 (52.9) 683 (58.4) 242 (58.1) 
     26 – 30  50 (18.0) 159 (13.6) 60 (14.4) 
     ≥ 30  19 (6.8) 63 (5.4) 30 (7.2) 
    Gravidity    
     0 125 (44.8) 594 (50.7) 194 (46.4) 
     1 154 (55.2) 578 (49.3) 224 (53.6) 
    Education (years)    
    ≤ 4 23 (8.3) 79 (6.7) 49 (11.7) 
    5 – 7  190 (68.4) 749 (63.7) 255 (62.1) 
    8 – 11 58 (20.0) 291 (24.8) 89 (21.3) 
    ≥ 12 7 (2.5) 56 (4.8) 25 (6.0) 
    Employment     
     Unskilled/Informal 75 (26.3) 283 (24.2) 102 (24.5) 
     Unemployed 145 (52.2) 653 (55.8) 240 (57.6) 
     Skilled 16 (5.8) 60 (5.1) 21 (5.0) 
     Other  44 (15.8) 175 (14.9) 54 (13.0) 
    Marital status     
     Married or cohabitating 23 (8.2) 116 (9.9) 31 (7.4) 
     Other  256 (91.8) 1054 (90.1) 387 (92.6) 
    Initial BMI    
      ≤ 18.5 3 (1.1) 155 (13.2) 52 (12.6) 
      18.5 – 24.9  134 (48.2) 776 (66.3) 232 (56.0) 
      25 – 29.9 90 (32.4) 188 (16.1) 83 (20.1) 
      ≥ 30 51 (18.4) 52 (4.4) 47 (11.4) 
    Daily per capita household expenditure on 
food < 1000 TSH 22 (8.6) 133 (12.5) 39 (10.3) 
    Meat consumption ≥ once per week 233 (84.1) 944 (80.8) 328(79.0) 
    Anemia at baseline 65 (24.0) 372 (32.9) 105 (26.5) 
    Diarrhea during pregnancy  48 (18.7) 242 (22.2) 94 (24.2) 
1Average includes interpolated values for weeks in which no weight values were recorded.   
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Table 8.  Factors associated with cumulative weight gain centile category at the end of 
pregnancy according to Intergrowth-21st standards (n=1,872) 
 
Risk ratio for cumulative weight gain 
<3rd percentile (n=279) 
 
 Risk ratio for cumulative weight gain >97th percentile (n=418) 
 Unadjusted RR (95% CI) 
Adjusted RRa 
(95% CI)  
Unadjusted RR 
(95% CI) 
Adjusted RRa 
(95% CI) 
      
Age       
     < 20  0.81 (0.58, 1.14) 1.15 (0.77, 1.72)  0.92 (0.69, 1.23) 0.98 (0.69, 1.38) 
     20 – 35 0.74 (0.55, 0.99) 0.97 (0.69, 1.35)  1.01 (0.79, 1.30) 1.03 (0.78, 1.36) 
     26 – 30  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
     ≥ 30  0.01 (0.56, 1.48) 1.01 (0.63, 1.63)  1.20 (0.82, 1.75) 1.01 (0.65, 1.57) 
      
Gravidity      
     0 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
     1 1.17 (0.95, 1.46) 1.07 (0.82, 1.39)  1.10 (0.93, 1.31) 1.03 (0.84, 1.26) 
      
Initial BMI        
     < 18.5  0.12 (0.04, 0.38) 0.15 (0.05, 0.47)  1.22 (0.94, 1.58) 1.35 (1.03, 1.78) 
     18.5 – 25 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
     25 – 30 2.12 (1.67, 2.70) 2.01 (1.53, 2.64)  1.13 (0.91, 1.41) 1.07 (0.82, 1.38) 
     ≥ 30 2.90 (2.20, 3.81) 2.93 (2.16, 3.99)  1.54 (1.19, 2.01) 1.37 (1.01, 1.87) 
      
Education (years)      
    ≤ 4 1.15 (0.74, 1.80) 1.18 (0.71, 1.94)  1.60 (1.19, 2.15) 1.61 (1.14, 2.25) 
    5 – 7  1.21 (0.91, 1.58) 1.27 (0.94, 1.72)  1.05 (0.85, 1.30) 1.09 (0.85, 1.41) 
    8 – 11 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
    ≥ 12 0.60 (0.28, 1.27) 0.72 (0.35, 1.49)  1.40 (0.96, 2.04) 1.55 (1.02, 2.36) 
      
Employment       
     Unskilled/Informal 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
     Unemployed 0.88 (0.68, 1.14) 0.91 (0.68, 1.22)  1.04 (0.85, 1.27) 0.99 (0.78, 1.25) 
     Skilled 1.03 (0.63, 1.70) 1.08 (0.65, 1.80)  0.97 (0.64, 1.47) 0.89 (0.57, 1.40) 
     Other  1.01 (0.72, 1.42) 1.07 (0.74, 1.55)  0.89 (0.66, 1.19) 0.90 (0.64, 1.25) 
      
Marital status       
     Married or 
cohabitating 1.12 (0.75, 1.66) 0.91 (0.56, 1.48)  1.25 (0.90, 1.74) 1.12 (0.75, 1.67) 
     Other  1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 
      
Daily per capita house-
hold expenditure on food 
< 1000 TSH  
0.73 (0.48, 1.10) 0.66 (0.41, 1.07)  0.88 (0.67, 1.19) 0.92 (0.65, 1.28) 
      
Meat consumption ≥ once 
per week 1.25 (0.93, 1.69) 1.27 (0.90, 1.78)  0.88 (0.72, 1.08) 0.98 (0.78, 1.26) 
      
Received vitamin A 
supplements  0.95 (0.76, 1.18) 0.91 (0.72, 1.16)  1.03 (0.86, 1.21) 1.07 (0.88, 1.29) 
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Received zinc 
supplements 0.93 (0.75, 1.15) 0.85 (0.67, 1.07)  0.97 (0.82, 1.15) 0.92 (0.76, 1.12) 
      
Anemia at baseline  0.73 (0.56, 0.95) 0.78 (0.59, 1.04)  0.83 (0.68, 1.02) 0.83 (0.66, 1.03) 
      
Diarrhea during 
pregnancy  0.81 (0.60, 1.08) 1.06 (0.78, 1.43)  1.13 (0.92, 1.38) 1.14 (0.92, 1.42) 
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Table 9.  Associations between category Intergrowth 21st weight gain centile category 
and birth outcomes 
 Intergrowth centile category for gestational weight gain 
 
 <3rdth 3rdth–97th >97th 
    
Preterm birth     
     Cases/Person-weeks   317/30,577 11/3,810 
     Unadjusted HR (95% CI) 0.65 (0.49, 0.87) 1.00 (ref.) 1.16 (0.63, 2.11) 
     Adjusted HR (95% CI)a 0.65 (0.48, 0.88) 1.00 (ref.) 1.04 (0.55, 1.95) 
    
Perinatal deathb,c,d    
     Cases/Person-weeks  16/9,271 34/32,848 8/4,653d 
     Unadjusted HR (95% CI) 1.64 (0.91, 2.99) 1.00 (ref.)  
     Adjusted HR (95% CI)a 1.94 (1.01, 3.73) 1.00 (ref.)  
    
Small for gestational agec    
     Cases/Person-weeks  38/8,563 106/31,410 99/4,111 
     Unadjusted HR (95% CI) 1.19 (0.83, 1.73) 1.00 (ref.) 0.81 (0.20, 3.29) 
     Adjusted HR (95% CI)a 1.51 (1.03, 2.24) 1.00 (ref.) 0.89 (0.22, 3.62) 
    
Large for gestational agec     
     Cases/Person-weeks  37/8,563 219/24,166 19/4,111 
     Unadjusted HR (95% CI) 0.62 (0.44, 0.89) 1.00 (ref.) 1.94 (1.09, 3.48) 
     Adjusted HR (95% CI)a 0.53 (0.37, 0.78) 1.00 (ref.) 1.77 (0.96, 3.25) 
aAdjusted for trial regimen, age, years of education, employment type, marital status, gravidity, and 
baseline bmi   
cDefined as death between 28 weeks of gestation and 7 days post-partum  
cAnalyses limited to pregnancies lasting between 30–42 weeks (n=1,729)  
dDue to insufficient cases, this cases and person time category was combined with the reference category 
(42 cases/37.501 person-weeks) in these models  
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Table 10.  Multivariable associations between category Intergrowth 21st weight gain 
centile category and birth outcomes, stratified by trimestera  
 Intergrowth centile category for cumulative weight gain 
 
 <3rdth 3rdth–97th >97th 
    
Preterm birth     
     2nd trimester    
     Cases/Person-weeks  68/5,465 292/18,777 18/3,411 
     Hazard Ratio (95% CI) 0.76 (0.57, 1.02) 1.00 (ref.) 1.11 (0.68, 1.81) 
    
     3rd trimester     
     Cases/Person-weeks  51/3,497 316/13,129 11/478 
     Hazard Ratio (95% CI) 0.61 (0.45, 0.84) 1.00 (ref.) 1.04 (0.56, 1.97) 
    
Perinatal deathb,c    
     2nd trimester    
     Cases/Person-weeks  15/5,465 38/18,777 2/3,411d 
     Hazard Ratio (95% CI) 1.31 (0.66, 2.59) 1.00 (ref.)  
    
     3rd trimester     
     Cases/Person-weeks  13/3,806 28/14,071 8/1,242e 
     Hazard Ratio (95% CI) 1.89 (0.92, 3.89) 1.00 (ref.)  
    
Small for gestational agec    
     2nd trimester    
     Cases/Person-weeks  64/5,001 170/17,842 9/3,251 
     Hazard Ratio (95% CI) 1.59 (1.15, 2.20) 1.00 (ref.) 0.94 (0.48, 1.85) 
    
     3rd trimester     
     Cases/Person-weeks  38/3,562 106/13,568 99/860 
     Hazard Ratio (95% CI) 1.51 (1.03, 2.24) 1.00 (ref.) 0.89 (0.22, 3.62) 
    
Large for gestational agec     
     2nd trimester    
     Cases/Person-weeks  56/5,001 205/17,842 14/3,251 
     Hazard Ratio (95% CI) 0.81 (0.58, 1.12) 1.00 (ref.) 1.25 (0.71, 2.20) 
    
     3rd trimester     
     Cases/Person-weeks  37/6,562 219/13,568 19/860 
     Hazard Ratio (95% CI) 0.55 (0.38, 0.80) 1.00 (ref.) 1.71 (0.96, 3.26) 
aAdjusted for trial regimen, age, years of education, employment type, housing type, marital status, 
gravidity, and baseline bmi   
bDefined as death between 28 weeks of gestation and 7 days post-partum  
cAnalyses limited to pregnancies lasting between 30–42 weeks (n=1,729)  
dReference category is ≥ 3rd percentile due to insufficient cases and person-time in > 97th percentile 
(40 cases/22,188 person-weeks)  
eReference category is ≥ 3rd percentile due to insufficient cases and person-time in > 97th percentile 
(36 cases/15,313 person-weeks)  
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Table 11.  Multivariable associations between Intergrowth 21st weight gain centile 
category and birth outcomes, stratified by BMIa  
 Intergrowth centile category for cumulative weight gain 
 
 <3rd ≥3rdb 
   
Preterm birth    
     BMI < 25   
     Cases/Person-weeks  25/3,031 262/27,950 
     Hazard Ratio (95% CI) 0.67 (0.44, 1.01) 1.00 (ref.) 
   
    BMI ≥ 25   
     Cases/Person-weeks  29/5,447 64/6,302 
     Hazard Ratio (95% CI) 0.63 (0.40, 1.00) 1.00 (ref.) 
   
Perinatal deathc   
     BMI < 25   
     Cases/Person-weeks  5/3,364 34/30,291 
     Hazard Ratio (95% CI) 0.94 (0.35, 2.49) 1.00 (ref.) 
   
     BMI ≥ 25   
     Cases/Person-weeks  11/5,830 7/7,051 
     Hazard Ratio (95% CI) 4.80 (1.46, 15.83) 1.00 (ref.) 
   
Small for gestational aged   
     BMI < 25   
     Cases/Person-weeks  20/3,205 171/28,780 
     Hazard Ratio (95% CI) 1.32 (0.81, 2.17) 1.00 (ref.) 
   
     BMI ≥ 25   
     Cases/Person-weeks  18/5,308 33/6,585 
     Hazard Ratio (95% CI) 2.13 (1.01, 4.49) 1.00 (ref.) 
   
Large for gestational aged   
     BMI < 25   
     Cases/Person-weeks  17/3,205 178/28,780 
     Hazard Ratio (95% CI) 0.64 (0.38, 1.06) 1.00 (ref.) 
   
     BMI ≥ 25   
     Cases/Person-weeks  20/5,308 58/6,585 
     Hazard Ratio (95% CI) 0.47 (0.27, 0.81) 1.00 (ref.) 
   aAdjusted for trial regimen, age, years of education, employment type, marital status, gravidity, and 
baseline bmi   
bReference category is ≥ 3rd percentile due to insufficient cases and person-time in > 97th percentile  
cDefined as death between 28 weeks of gestation and 7 days post-partum  
dAnalyses limited to pregnancies lasting between 30–42 weeks (n=1,729)  
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Table 12.  Multivariable associations between Intergrowth 21st weight gain centile 
category at 17 weeks and birth outcomes 
Outcome  Participants with measured 
weight at 17 weeks 
Multivariate HR (95% CI) 
 (n=563) 
All participants 
 
Multivariate HR (95% CI) 
(n=1,859) 
Preterm birth   
     <3rd percentile 0.87 (0.53, 1.45) 0.77 (0.56, 1.06) 
       3rd–97th percentile 1.00 (Ref.) 1.00 (Ref.) 
     > 97th percentile  1.35 (0.81, 2.26) 1.23 (0.95, 1.60) 
   
Perinatal death   
     <3rd percentile 2.05 (0.60, 6.97) 1.45 (0.71, 3.00) 
       3rd–97th percentile 1.00 (Ref.) 1.00 (Ref.) 
     > 97th percentile  1.79 (0.37, 0.58) 1.37 (0.81, 2.33) 
   
SGAa    
     <3rd percentile 1.71 (0.93, 3.16) 1.09 (0.74, 1.62) 
       3rd–97th percentile 1.00 (Ref.) 1.00 (Ref.) 
     > 97th percentile  0.83 (0.28, 2.41) 1.13 (0.80, 1.59) 
   
LGAa    
     <3rd percentile 0.50 (0.23, 1.05) 0.69 (0.48, 1.01) 
       3rd–97th percentile 1.00 (Ref.)      1.00 (Ref.) 
     > 97th percentile  1.95 (1.09, 3.48) 1.37 (1.01, 1.86) 
aN=528 participants with measured weight at 17 weeks and 1739 total participants  
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4.  ACCURACY OF A MIXED EFFECTS MODEL INTERPOLATION 
TECHNIQUE FOR THE ESTIMATION OF PREGNANCY WEIGHT VALUES 
4.1 ABSTRACT  
Background:  Interpolation of missing weight values is sometimes used in studies of 
gestational weight gain, but the accuracy of these methods has not been established.  Our 
objective was to assess the accuracy of interpolated weight values obtained from 
regression models when compared to measured weight values at 28 (n=780) and 40 
(n=382) weeks of gestation among participants who were enrolled in the LIFECODES 
cohort at Brigham and Women’s Hospital through September 2015.  Methods:  We used 
subject-specific slopes and intercepts derived from repeated measures mixed effects 
models with gestational age as the independent variable and weight as the dependent 
variable to estimate weights at both timepoints.  In separate models, gestational age was 
parameterized as a linear and restricted cubic spline variable.  Results:  Mean differences 
in pounds between observed and estimated weights derived from the 28-week linear 
model (0.18 (SD 6.92), Bland Altman limits of agreement = -13.66–14.01, 40-week 
linear models (-0.40 (5.43), limits of agreement -11.26–10.47), and the 28-week spline 
model were small, while weight values derived from the spline model underestimated 
observed weights at both timepoints (mean difference -2.50 (SD 6.91), limits of 
agreement -16.31–11.30 and -3.38 (SD 5.44), limits of agreement -14.26–7.49, 
respectively).  Estimated weights derived from all models showed near perfect correlation 
with observed values (r=0.97–0.99).  Conclusions:  Overall, weight values estimated 
using this interpolation approach showed good agreement with observed values.  When 
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repeated measures of weight are available, mixed effects models may be used to 
interpolate of missing weight values with only a small degree of error.  
 
4.2  INTRODUCTION  
Gestational weight gain is an established risk factor for adverse pregnancy 
outcomes [1].  Excessive gestational weight gain has been associated with an increased 
risk for large for gestational age (LGA) infants [1–7]. Inadequate gestational weight gain 
has been associated with an increased risk of preterm delivery [8–11], infant mortality 
[12], and small for gestational age (SGA) infants [1–7, 9, 10].  Many studies evaluating 
these associations, however, may be prone to bias.  As shown by Hutcheon et al. [13] 
conventionally used measures of gestational weight gain that are based on single measure 
of total weight gain or weight gain rate inherently depend on gestational age at delivery 
and can introduce confounding by gestational duration.   
Studies that use repeated measures of weight gain may be less vulnerable to this 
bias, but more susceptible to incomplete data.  The number and timing of weight 
measurements throughout pregnancy is often variable because length of gestation differs 
from woman to woman as does the frequency of prenatal visits and the specific weeks at 
which they occur.  Moreover, weight is usually not consistently measured at delivery, and 
therefore the last available weight measurement may not reflect true weight gain during 
pregnancy.  Incomplete data has led to the use of interpolation methods in several 
gestational weight gain studies [14–22], though the accuracy with which interpolation 
estimates actual gestational weights has not been studied.     
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Some studies have linearly interpolated missing weight values by dividing the 
difference between two observed weight measures by the number of weeks between 
measures to calculate a weekly rate of gestational weight gain and multiplying that rate 
by the week of gestation for which weight is missing [15, 16, 20–22]  Either the first and 
last observed weight measures or the two observed measures surrounding a missing 
weight value can been used to do so, but both methods rely only limited information 
regarding individual weight trajectory.   
More information on individual weight trajectory can be incorporated into an 
interpolation using regression equations to construct individual weight gain curves from 
all available pregnancy weight values and deriving missing weight values from these 
curves [14, 17, 19]. This method is also more flexible in that it allows for the relation 
between weight gain and gestational age to be modeled non-linearly, which is 
advantageous given that evidence suggests a non-linear curve may best describe weight 
gain during pregnancy [23]. 
We undertook sensitivity analyses to assess the accuracy of interpolated weight 
values obtained from regression models when compared to measured weight values at 28 
and 40 weeks of gestation using data from the LIFECODES cohort at Brigham and 
Women’s Hospital.  We hypothesized that weight values interpolated from repeated 
measures mixed effects models would show good correlation and agreement with 
observed weight values and that non-linear model would more accurately estimate 
gestational weights gain than a linear model.  We also hypothesized that this method 
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would show greater accuracy with a higher number of weight measurements included in 
the regression model.    
  
4.3  METHODS  
Study Population  
This study utilized available data from the LIFECODES study as of September 
2015.  LIFECODES is an ongoing birth cohort based at Brigham and Women’s Hospital 
(BWH) in Boston, Massachusetts.  Participants eligible for this cohort are pregnant 
women who initiate routine prenatal care at BWH at less than 15 weeks of gestation, who 
are 18 years or older, and who plan to deliver their infants at BWH.  The present analyses 
were limited to the subsets of participants who had singleton births, ultrasound dating of 
the pregnancy, weight measurements at 28 and 40 weeks, and at least two other weight 
measurements after the first trimester.  These time points were chosen because examining 
weight gain at the end of the second trimester and at the end of pregnancy overall are 
commonly of interest in epidemiologic studies.   
Gestational weight interpolation 
Only 2nd and 3rd trimester weights were used for interpolation because weight 
gain in the first trimester is assumed to be minimal [24].   Weights at 28 and 40 weeks 
were excluded from the respective models for these timepoints.  Two types of repeated 
measures mixed effects models were constructed with gestational age as the independent 
variable and weight as the dependent variable.  In the first model, gestational age was 
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parameterized as a continuous, linear term.  In the second model, following the 
methodology of Hawley et al. [1] gestational weight gain was parameterized as a 
restricted cubic spline variable with three knots at 5th, 50th, and 95th percentiles.  In both 
models, the intercept and gestational age terms had both fixed and random effects. An 
unstructured variance-covariance matrix was specified.  These models were used to 
calculate subject-specific slopes and intercepts for the relation between gestational week 
and weight gain.  Using these slopes and intercepts, gestational weights were interpolated 
at 28 weeks for the 28-week analysis and at 40 weeks for the 40-week analysis for all 
subjects.   This process was then repeated excluding participants with diagnoses of 
gestational diabetes, gestational hypertension, and pre-eclampsia to determine the impact 
of these pregnancy conditions on this interpolation technique.   
Statistical analysis  
For each model, mean differences between interpolated and observed weight 
values and corresponding standard deviations were calculated.  Spearman rank order 
correlation coefficients between estimated and actual weights were computed at 28 and 
40 weeks of gestation.  To compare measurements, we used the methodology proposed 
by Bland and Altman [25]. The Bland-Altman limits of agreement were calculated by 
adding and subtracting 1.96 standard deviations from the mean differences and plotted 
against the averages of the observed and interpolated values.  Good agreement between 
two measures is indicated by data points evenly and closely scattered around the zero line 
in these plots.  These analyses were then repeated separately among those with 14 or 
more total weight measurements, who had nearly completed the number of prenatal visits 
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recommended by the American College of Obstetricians and Gynecologists (ACOG) 
[26], and those with 13 or fewer weight measurements throughout pregnancy.  Consistent 
with the ACOG recommendation, we chose a cutoff of 14 visits for this analysis to ensure 
sufficient numbers in both groups.  Lastly, these analyses were conducted among the 
subgroup that excluded participants with gestational diabetes, gestational hypertension, 
and pre-eclampsia.   
   
4.4 RESULTS  
As of September 2015, n=3,813 participants were enrolled in LIFECODES.  The 
2,382 singleton pregnancies with available delivery information, recorded pregnancy 
weights, and plausible total weight gain values comprised 62% of the cohort.  From this 
subset of initially eligible participants, 780 had weight measurements available at 28 
weeks and 382 had weight measurements available at 40 weeks.  A total of 10,086 and 
4,762 individual weight measurements were included in the 28-week and 40-week 
analyses respectively.  On average, participants in the 28-week analysis underwent 6 
weight measurements during pregnancy participants in the 40-week analysis underwent 
11 weight measurements.    
With respect to baseline characteristics, participants included in the 28-week 
analysis were similar to the full group of 2,382 participants meeting initial eligibility 
criteria (Table 13).  Compared to those in both the full group and the 28-week group, 
women in the 40-week group were younger and leaner.  Only 23.9% of women in the 40-
week group were age 35 or older compared to 30.3% of women in the full group and 
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31.0% in the 28-week group.  Likewise, only 22.6% of women in the 40-week group had 
a BMI of 35 kg/m2 or greater, whereas 28.3 and 29.6% of women in the full group and 
28-week group respectively were in this category.  Disorders of pregnancy, including 
gestational diabetes, gestational hypertension, and pre-eclampsia were more prevalent 
among the 28-week and 40-week group than in the full group.   
Table 14 shows mean difference in pounds, correlation coefficients, and Bland-
Altman limits and total range of agreement for weight estimates at 28 and 40 weeks of 
gestation obtained through the linear and spline mixed effects models compared to 
observed weights.  Mean differences between observed and estimated weights derived 
from the 28-week and 40-week linear models were small (0.18 (SD 6.92) and -0.40 (SD 
5.43) respectively).    As shown in Figure 1, most the difference values are centered 
around zero in plots corresponding to the three models, indicating good agreement.  
Furthermore, the error in estimated weights appears uniform across the range of values 
for the average of observed and estimated weights, which implies that the accuracy of 
this interpolation method does not vary according to weight.  
On the other hand, the mean difference between observed weights and estimated 
weights at both timepoints derived from the spline model were somewhat larger (-2.50 
(SD 6.91) and -3.38 (SD 5.44), respectively) and suggested that this model yields 
underestimates of weight on average.  The Bland-Altman limits of agreement, which 
encompass 4 standard deviations, were wider for linear models (-13.66–14.01 and -16.31 
–11.30) than for the spline models (-11.26–10.47 and -14.26–7.49).  For all models, the 
correlations between observed and estimated weights were nearly perfect (r=0.97–0.99).  
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Visual depictions of these correlations are shown in Figure 2.   
Table 15 shows mean difference in pounds, correlation coefficients, and Bland-
Altman limits and total range of agreement for weight estimates at 28 and 40 weeks of 
gestation obtained through the linear and spline models compared to observed weights 
among women who underwent 14 or more weight measurements.  Mean differences 
between observed and estimated weights were similarly small for the 28-week and 40-
week linear models (0.47 (SD 6.41) and -0.04 (SD 6.23) respectively).  Mean differences 
between observed and estimated weights were again larger for the 28-week linear and 40-
week spline models (-2.72 (SD 7.26) and -3.82 (4.12) respectively). For all models, the 
correlations between the observed and estimated remained nearly perfect (r=0.99).  The 
Bland-Altman limits of agreement were narrowest for the 40-week spline model (-12.04–
4.40).   
Comparable results were observed among women who had underwent 13 or fewer 
weight measurements (Table 16).  Mean differences between observed and estimated 
weights were the smallest in this subgroup.  Linear models yielded estimated weights that 
differed from observed weights by less than 1 pound on average.  All correlations 
between the observed and estimated weights were again near perfect.  The Bland-Altman 
limits of agreement, however, were somewhat wider in this subgroup than in the 
subgroup of women with 14 or more weight measurements and in the combined group.  
Excluding participants with diagnoses of gestational diabetes, gestational 
hypertension, and pre-eclampsia had minimal impact on the accuracy of estimated 
weights (Table 16).  Mean differences between observed and estimated values from the 
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28-week and 40-week linear models remained within 1 pound, while mean differences 
between observed and estimated values from the 28-week and 40-week spline models 
remained between 2–4 pounds.  Excluding these participants decreased the variability in 
these differences, however, given that the Bland-Altman limits of agreement were 
somewhat narrower.   
 
4.5  DISCUSSION 
In this study, we used mixed effects models to construct individual weight gain 
curves from second and third trimester weight measurements.  From the parameters of 
these curves, we interpolated weight values at the second and third trimester and 
compared them to observed weights.  Estimated measures from all models showed almost 
perfect correlation with observed measures.  When compared to actual weight 
measurements at the 28-week and 40-week time points, weights estimated from linear 
models showed good agreement with observed weights.  Weights estimated from spline 
models showed less agreement with observed weights.  Neither the frequency of weight 
measurements nor the exclusion of women with pregnancy-related disorders appeared to 
impact the level of agreement.       
Disagreement exists regarding whether gestational weight gain follows a linear or 
non-linear trajectory [23, 27–30]. We hypothesized that using a non-linear model to 
construct weight gain curves would lead to better accuracy in weight estimation because 
it would allow for deviations from individual deviations from linearity in weight gain.  
Contrary to our hypothesis, the linear models produced weight estimates that agreed more 
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closely with observed weights at 40 weeks.  It is unclear why the spline model resulted in 
substantially more error in weight estimation.  Changing the knot placement in post-hoc 
sensitivity analyses did not alter this finding (data not shown).   
Estimation of unavailable gestational weight values is useful in epidemiologic 
research for many reasons.  Weights are commonly measured at irregular intervals during 
pregnancy; therefore, some studies must interpolate weight values to compare weight 
gain among all participants at common time point [14, 16–18, 21, 22] or event such as 
glycemic screening [15,19]. In addition, interpolation of weight values is a necessary 
component of the survival framework proposed by Mitchell et al. [31] for evaluating the 
association between gestational weight gain and preterm birth.  This approach requires 
weight gain values for each week of pregnancy, which are rarely available in 
epidemiologic studies.  Finally, it may be preferable in epidemiologic research to 
compare weight gain over a common gestational duration, even though gestational 
duration is variable.  In an analysis of gestational weight gain and preterm birth, for 
example, Savitz et al. [20] used observed weight trajectories to calculate the projected 
amount of weight participants would have gained had their pregnancies lasted 40 weeks.  
Our results, which are the first to demonstrate the accuracy of a method for interpolating 
pregnancy weights, therefore have considerable relevance for advancing knowledge of 
the impacts of gestational weight gain.   
Strengths of this study include the large number of repeated weight measurements 
included in the interpolation models, the examination of two different types of 
interpolation models at two times in pregnancy, and the use of Bland Altman 
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comparisons in the interpretation of the results.  The generalizability of our findings may 
be limited, however.  Our analytic populations were limited to women who had weight 
measurements taken at 28 and 40 weeks of pregnancy.  It is possible these women differ 
from women with missing weight measurements in ways that influence weight trajectory.  
Women in the 40-week group, who had full term pregnancies by definition, may be 
especially different from women who deliver earlier regarding weight trajectory.  A 
comparison of baseline characteristics between these women and the full group of 
initially eligible participants indicated they were younger and less frequently overweight 
or obese, which suggests they may have had healthier pregnancies overall.  The accuracy 
of weights estimated from linear mixed effects models may differ among women with 
shorter or more complicated pregnancies.   
The accuracy of this interpolation method may also be reduced among women 
with fewer weight measurements during pregnancy, though we did show that it had good 
agreement among women with 13 or fewer weight measurements.  Because the majority 
participants in this study had weight measurements taken at or near the recommended 
frequency [26], we had insufficient numbers to examine the sensitivity of this method to 
infrequent weight measurements.  An additional limitation of this study is its relatively 
small sample size, which led to wide limits of agreement due to the influence of outliers  
A further limitation of this approach, in contrast to techniques such as multiple 
imputation is its treatment of observed and estimated weights as interchangeable and does 
not account for uncertainty in the estimated weights due to random error.  Incorporating 
random error into this estimation technique is an area for future inquiry.   
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In summary, our results suggest that linear mixed effects models can interpolate 
missing weight values during pregnancy with only a small degree of error when they 
incorporate several repeated measures of weight gain.  Further research should examine 
the accuracy of this approach when more limited information on weight trajectory is 
available, explore the applicability of this interpolation approach to other types of growth 
trajectories, and expand on this approach to account for uncertainty in the estimated 
weights.    
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Table 13. Baseline characteristics of full cohort of singleton pregnancies with plausible 
weight gain values, cohort of participants with weight measurements at 28 weeks and 
cohort of participants with weight measurements at 40 weeks.  
Characteristic Full group 
(n=2,382) 
 28-week group 
(n=764) 
 40-week group 
(n=382) 
 N (%)  N (%)  N (%) 
Age (years)       
     <25 328 13.9  104 13.7  69 19.4 
       25 – < 30 542 22.9  176 23.2  77 21.7 
       30 – < 35 780 33.0  243 32.0  124 34.9 
    ≥ 35  716 30.3  235 31.0  85 23.9 
Initial BMI (lbs/in
2
)      
     <25 1044 43.8  328  42.9  173 48.3 
       25 – 30  664 27.9  210 27.5  104 29.0 
    ≥ 35  674 28.3  226 29.6  81 22.6 
      
Gravidity       
       0 567 23.8  163 21.4  128 36.0 
       1 643 27.0  189 24.8  105 29.5 
       2 451 19.0  158 20.8  51 14.3 
     ≥3 717 30.2  251 33.0  72 20.2 
      
Smoking      
       Yes  355 15.0  103 13.5  59 16.6 
       No  2015 85.0  659 86.4  297 83.4 
      
Race/ethnicity      
       Caucasian 1244  52.3  384 50.2  197 55.0 
       African American 417 17.5  147 19.2  65 18.2 
       Asian 137 5.8  42 5.5  16 4.5 
       Hispanic 463 19.5  148 19.4  66 18.4 
       Other  119 5.0  43 5.6  14 3.9 
      
Insurance status      
       Private/Self-pay 1601 70.0  502 66.1  243 68.1 
       Public/None  755    32.0  257 33.9  114 31.9 
      
Education       
       High school or less 390 16.5  137 18.0  54 15.1 
       Some college 516 21.8  178 23.5  68 19.1 
       College graduate 702 29.7  205 27.0  105 29.4 
       Graduate School  756 32.0  239 31.5  130 36.4 
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History of diabetes      
       Yes 60 97.5  23 97.0  1 0.3 
       No  2290 2.6  728 3.1  357 99.7 
      
History of lupus      
       Yes 53 2.2  22 2.9  6 1.7 
       No  2329 97.8  742 97.1  352 98.3 
      
History of chronic hypertension      
       Yes 122 4.6  47 6.2  5 1.4 
       No  2247 95.4  716 93.8  353 98.6 
      
History of thyroid disease      
       Yes 217 9.1  73 9.5  34 9.5 
       No  2165 90.9  691 90.5  324 90.5 
      
Gestational diabetes      
       Yes 176 7.5  72 9.5  12 3.4 
       No  2188 92.6  690 90.5  346 96.7 
         
Gestational hypertension          
       Yes 95 4.0  42 5.5  11 3.1 
       No  2274 96.0  721 94.5  347 96.9 
         
Pre-eclampsia          
       Yes 163 6.9  55 7.2  7 2.0 
       No  2206 93.1  708 92.8  351 98.0 
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Table 14.  Mean difference, correlation co-efficient, and Bland-Altman limits and total 
range of agreement (equal to ± 4 SD) for the comparison of measured and interpolated 
weights at 28 and 40 weeks using linear and spline models.  
 28 weeks (n=764) 
40 weeks 
(n=358) 
  Linear Model  Spline Model  Linear Model  Spline Model  
Mean difference 
(lbs) 0.18 (6.92) -2.50 (6.91) -0.40 (5.43) -3.38 (5.44) 
Correlation 
coefficient  0.99 0.99 0.99 0.97 
BA limits of 
agreement (lbs) -13.66 – 14.01 -16.31 – 11.30 -11.26 – 10.47 -14.26 – 7.49 
BA range of 
agreement (lbs) 27.67 27.61 21.73 21.75 
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Table 15.  Mean difference, correlation co-efficient, and Bland-Altman limits and total 
range of agreement (equal to ± 4 SD) for the comparison of measured and interpolated 
weights at 28 and 40 weeks using linear and spline models, among those with 14 or 
more weight measurements  
 28 weeks 
(n=328) 
40 weeks 
(n=154) 
  Linear Model  Spline Model   Linear Model  Spline Model  
Mean difference 
(lbs) 0.47 (6.41) -2.72 (7.26) -0.04 (6.23) -3.82 (4.12) 
Correlation 
coefficient  0.99 0.99 0.99 0.99 
BA limits of 
agreement (lbs) -12.35 – 13.30 -15.02 – 10.58 -9.13 – 7.38 -12.04 – 4.40 
BA range of 
agreement (lbs) 25.64 25.60 16.50 16.44 
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Table 16.  Mean difference, correlation co-efficient, and Bland-Altman (BA) limits and 
total range of agreement (equal to ± 4 SD) for the comparison of measured and 
interpolated weights at 28 and 40 weeks using linear and spline models, among those 
with fewer than 14 measurements 
 28 weeks 
(n=441)  
40 weeks 
(n=212) 
  Linear Model  Spline Model   Linear Model  Spline Model  
Mean difference (lbs) -0.05 (7.27) -2.71 (7.26) -0.04 (7.26) -3.05 (6.15) 
Correlation coefficient  0.99 0.99 0.97 0.97 
BA limits of agreement 
(lbs) -14.59 – 14.50 -17.23 – 11.80 -14.63 – 14.40 -15.54 – 9.43 
BA range of agreement 
(lbs) 29.09 29.02 24.92 24.97 
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Table 16.  Mean difference, correlation co-efficient, and Bland-Altman (BA) limits and 
total range of agreement (equal to ± 4 SD) for the comparison of measured and 
interpolated weights at 28 and 40 weeks using linear and spline models, among those 
without gestational diabetes, gestational hypertension, and pre-eclampsia  
 28 weeks (n=606)  
40 weeks 
(n=329) 
  Linear Model  Spline Model   Linear Model  Spline Model  
Mean difference (lbs) 0.34 (5.67) -2.44 (5.67) -0.36 (5.13) -3.25 (5.14) 
Correlation coefficient  0.99 0.99 0.99 0.99 
BA limits of agreement 
(lbs) -11.00 – 11.61 -13.78 – 8.90 -10.00 – 11.61 -13.25 – 6.84 
BA range of agreement 
(lbs) 22.69 22.68 22.69 20.55 
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Figure 1.  Difference between measured and interpolated weights across the range of 
average weight values ((measured – interpolated weights)/2) a) at 28 weeks using a linear 
model, b) at 40 weeks using a linear model, c) at 28 weeks using a spline model, and d) at 
40 weeks using a spline model.  
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Figure 2.  Scatter plots comparing a) measured and imputed weights at 28 weeks using a 
linear model, b) measured and imputed weights at 40 weeks using a linear model, c) 
measured and imputed weights at 28 weeks using a spline model and d) measured and 
imputed weights at 28 weeks using a spline model. 
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5.  CONCLUSIONS   
Each of the three studies comprising this dissertation has addressed a different 
research question pertaining to the topic of gestational weight gain.  Taken together, 
however, these findings reaffirm the importance of gestational weight gain as a 
modifiable risk factor for all adverse birth outcomes under study.  Using a modeling 
approach that reduces the possibility of confounding by length of gestation, they also 
suggest that two currently underutilized methods of quantifying gestational weight gain 
— as pound-days accumulated through pregnancy and as centiles of the 
INTERGROWTH-21st reference standards — may have clinical applications in the 
prevention of these outcomes.   
 Our results suggested that initial BMI was the strongest predictor of gestational 
weight gain, regardless of how it was quantified.  Study 1 found that those who were 
overweight or obese at their initial weight measurement accumulated fewer pound-days 
throughout pregnancy on average than those who were not.  Study 2 found that those who 
were overweight/obesity at their initial weight measurement were more 2–3 times likely 
to gain weight below the 3rd centile of the INTERGROWTH-21st standards.  These trends 
are consistent with the current Institute of Medicine guidelines [1], which advise 
overweight and obese women to gain less weight than those with a BMI of 25 kg/m2 or 
lower, but may also signify a need to ensure that these women are gaining adequate 
weight during pregnancy.    
Neither Study 1 or Study 2 found low weight gain to be associated with an 
increased hazard of preterm birth as hypothesized.  Instead, Study 2 suggested that low 
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weight gain may protect against preterm birth and Study 1 suggested that a higher amount 
of weight gain earlier in pregnancy may protect against preterm birth.  Differences in the 
weight gain patterns associated with an apparent reduction in preterm birth between these 
two studies may point to the involvement of different biological mechanisms.  In Study 2, 
we speculate that compared to participants in the reference category, those in the lowest 
weight gain category may have had a lower risk of pregnancy weight-gain related 
conditions such as preeclampsia, hypertension, and gestational diabetes that can lead to 
preterm birth.  A greater amount of weight gain starting in the second trimester, on the 
other hand, may reflect greater increases in maternal fat storage and plasma volume, 
which are the major components of weight gain during this period.  Low plasma volume 
and utero-placental insufficiency has been associated with preterm birth [2].  Of course, 
further research is needed to evaluate these hypothesized mechanisms.   
By contrast, the findings from Study 1 and Study 2 regarding the relation between 
gestational weight gain and small-for-gestational age births appear to have similar 
interpretations.  The increased risk for SGA associated with low weight gain seen in 
Study 2 implies that extremely low weight gain leads to insufficient transfer of energy 
and nutrients to the fetus.  The decreased risk for SGA associated with a higher amount 
of weight gain earlier in pregnancy seen in Study 1 suggests that this pattern of weight 
gain is more likely to ensure sufficient energy and nutrient transfer.   
A final noteworthy similarity between Study 1 and Study 2 is that the analyses 
stratified by initial BMI showed that their findings may have particular clinical relevance 
for overweight and obese women.  Among overweight and obese women in study 1, a 
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higher amount of weight gain earlier in pregnancy was associated with a decreased 
hazard of preterm birth and SGA but was not associated with an increased hazard of 
LGA.  Ensuring an adequate amount of early weight gain in overweight and obese 
women may therefore improve birth outcomes in this group.  More research is needed to 
optimize this amount, however, since this pattern of weight gain also been positively 
associated with long term weight retention [3].  
Among overweight and obese women in study 2, weight gain below the 3rd 
percentile of the INTERGROWTH-21st reference standards had almost 5 times the 
hazard of perinatal death as those with weigh gain above it, while no association was seen 
among women with a BMI below 25 kg/m2.  In addition, the increased hazard of SGA 
associated with weight gain below the 3rd percentile was stronger among overweight and 
obese women.  Clinical application of INTERGROWTH-21st standards to monitor weight 
gain may therefore be another means of improving birth outcomes in this group, 
especially in settings such as Tanzania where they disproportionally occur.  Given that 
the global prevalence a BMI of 25 kg/m2 or greater among women was estimated to be 
38.0% (37.5–38.5) in 2013 [4], these findings have public health importance for a 
substantial number of women becoming pregnant.   
The findings of Study 3 add confidence to the findings from Study 1 and Study 2.  
Study 3 demonstrated estimated measures from all models correlated strongly with 
observed measures.  Weights at both 28 and 40 weeks of gestation estimated from linear 
models showed good agreement with observed weights, whereas weights estimated from 
spline models showed good agreement with observed weights only at 28 weeks.  More 
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research is needed, however, to examine the accuracy of estimated weights from mixed 
effects models when more limited information on weight trajectory throughout pregnancy 
and to describe the applicability of this interpolation approach to other types of growth 
trajectories.    
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